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ABSTRACT

This two-volume final report was prepared in compliance with a

National Aeronautics and Space Administration Contract NAg 7-230,

"A Comparative Missions Analysis for Solar Heated Hydrogen Propulsion

System."

Volume I, "System Weight Analysis," presents an analytic tool and

computatiomml procedure for evaluating three functionally equivalent

solar hydrogen propulsion system=. Specific numerical examples are pre-

sented and comparisons are made. The combination of components that

produces the lowest system weight is defined. The basic vehicle-SHPS

integration problem= are discussed and a model that later becomes the

basis for all computations is selected.

System weights, in terms usable for mission analysis, are pre-

pared for Advanced Chemical and Nuclear-Heated Hydrogen Systems. Weights

of the Nuclear Electric Propulsion System and the Solar Electric Propul-

sion System are also presented.

Volume II, "Mission Analysis," presents the energy requirements

for the space maneuvers and also presents a method of comparing the

various propulsion systems of interest.

The operation= amd maneuvers for which data are presented are:

Orbital Operations

Altitude Change

Eccentricity Change

Plane Change

Position or Epoch Change

Station Keepimg

Attitude Control

iii

Interplanetary Operations

Transfer Between Plants

Capture

Co-orbiting

Fly-by

Achieving Independent Helio-

centric Orbits

Circular Ecliptic Plame

Out of Ecliptic

Eccentric Orbit Solar

Probe __
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SYMBOLS AND NOMENCLATURE

Cavity absorptivity/emissivity

energy collected

Absorber collection efficiency factor = in the fluid

energy incident

on the focal plane

Concentrator efficiency factor

Solar concentrator to absorber coupling

efficiency = energy entering cavity

energy entering optical transfer tube

Absorber-heat-exchanger efficiency factor

Efficiency of nozzle-absorber coupling device

Rocket engine efficiency

Absorber to rocket engine coupling efficiency (hot-gas tube

efficiency)

Total normal emissivity of the nth heat shield, generally = EO

Total normal emissivity of heat shield

Insulation loss factor

Parameter in gaussian flux distribution function

Ip = specific weight oflConcentrator specific weight Ib C2 inflatable mirrors I
.,A

Hydrogen density

Density of hot-gas tube material

Stefan Boltzmann constant

Ratio of cavity surface area to aperture area

External cavity surface
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Distance from sun in astronomical units

Specific heat at constant pressure (use average for tempera-

ture range considered)

Concentration ratio at any astronomical distance

Concentration ratio at the Earth's radius

Optimum tube diameter

Collector diameter

Thrust

Friction factor

Maximum flux in the sun spot

Flux at any point in the distribution

Enthalpy of the hydrogen at the exit

Hot-gas tube losses = enthaipy change entrance to exit

Enthalpy at nozzle

Solar insulation (flux at any astronomical distance in a u)

Specific impulse

Obsc uration factor

Ratio Fma x at the optical exit

F at, the entrance
max

Weight of absorber per square foot of surface area (weight

estimate)

Length of tube _ Dm
2--Sin e

_umber of full length tubes per system

Number of reflective shields
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Local pressure _ chamber pressure

Aperture radius

Allowable stress for hot-gas tube

Dimensionless parameter c_l?B4

max

Absorber cavity black body temperature

Hydrogen temperature at the absorber outlet

Minimum tube wall thickness

Hydrogen temperature in the chamber ahead of the nozzle

Hydrogen temperature at inlet of absorber

Thickness of shield material

Hydrogen flow rate

Absorber weight

Accessory weight

Concentrator weight
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I. INTRODUCTION

This final report, which is submitted in two volumes, summarizes

the technical accomplishments that resulted from fulfilling the specific

requirements of NASA Contract NAS 7-230, The comparative mission analysis

for a solar-heated hydrogen propulsion system (SHPS) has as its broad

objectives :

(I) To delineate the mission areas of interest to the national

space effort, wherein a solar-heated hydrogen propulsion system offers

distinct performance advantages over other possible method of propulsion.

(2) To identify the critical design considerations for a solar-

heated hydrogen propulsion system as influenced by mission profile and

vehicle operational considerations.

(3) To prepare an initial generalized mathematical model to be

used as the basis for computing propulsion-system characteristics from

characteristic velocity increments and required thrust for all types of

space maneuvers, except launching and landing.

Specifically, the objectives of the contract were to perform the

following two major tasks and associated subtasks in a manner consistant

with the above broad objective.

A. PROPULSION SYSTEM SPECIFIC WEIGHT ANALYSIS

The Propulsion System Specific Weight Analysis provides an

analysis of the subsystem and total system specific weight for the follow-

ing propulsion systems:

(I) Solar-heated propulsion systems

Page I-i
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(2) Nuclear-heated propulsion system

(3) Advanced chemical propulsion system

The specific weight analysis emphasizes the above but includes

consideration of a solar-powered electric propulsion system and nuclear

powered electric propulsion.

The subsystem breakdown was prepared and equations were for-

mulated covering the most significant vehicle-integration design or mission-

application parameters having influence upon subsystem and/or total system

specific weight.

B. COMPARATIVE MISSIONS ANALYSIS

The comparative mission analysis is a study in which practical

space maneuvers are interpreted in terms of the required applied accelera-

tion.

The missions or maneuver sequence to be included in the

analysis are summarized below.

i. Orbital Operation

Altitude change

Eccentricity change

Plane change

Position, or epoch change

Station-keeping (including orbit altitude sustaining)

Attitude control

Page I-2
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Interplaneta...ry Operation

Transfer between planets

Capture

Co-orbiting

Fly by

Achieving Independent Heliocentric .Orbi$

Circular in the ecliptic plane

Out-of-ecliptic

Eccentric orbit solar probe

The range of variables in the comparative mission analysis

are selected to permit analysis of complete missions which may be parti-

cularly attractive for the SHPS.

For purposes of the mission analysis, the space vehicles

have a wideweight range and are launched in a near-earth orbit.

In addition to payload and system-weight data, reliability

and propulsion system development time and cost were determined, upon

request, within the scope of the proposed study.

In pursuit of the specific objectives, and in accordance with

the initial program Plan established for this project, the technical

activities were divided. Both the Advanced Power Systems Department of

AeroJet,0eneral Corporation (AGC) and the Space Systems Study Center of

Space General Corporation (SAC) carried out portions of the program. The

effort in the Advanced Power Systems Department was focused on synthesizing

solar-heated hydrogen systems, and management of the program, while the

Space SyStems Study Center concentrated on the comparative mission analysis

associated with the program.

Page 1-3
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This division of activities has been advantageous to the pro-

gram in that each group provided specialists to support its specific

portion of the analysis.

The separation of the activity is reflected in this two-

volume final report. The system weight analysis is Volume I, and the

comparative mission analysis is Volume II.

The separation of actual technical activities was not so

exactly divided as the reporting areas indicate. SGC provided assistance

in certain areas of the Specific Weight Analysis where the SGU technical

staff could provide most reliable data.

The summary of accomplishments and conclusions are divided

according to the technical division defined above, and each volume con-

tains its own summary. Recommendations are, however, presentedin

Volume I, only.

Page I-4
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ORGANIZATION OF VOLUME I

A general discussion of SHPS requirements is presented

and a model vehicle configuration is selected.

Three combinations of SHPS components are synthesized

into systems which are functionally equivalent to the

model vehicle configuration.

A computational model is given, a numerical comparison

of the three models is made and an analysis of the

results is presented.

The component analysis which supports the specific

inputs used for the numerical comparisons of SHPS is

presented on a component-by-component basis. Evaluation

of propellant tanks, interstage structures, nozzle

weight, reliability and estimate of development cost

and time are included.

The system weight analysis data for advance chemical

and nuclear propulsion systems is presented. Following

this a brief discussion of nuclear electric and solar

electric propulsion is presented.
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II. SUMMARY OF SYSTEM WEIGHT ANALYSIS

Table II-I summarizes the system weight dependencies developed as

a result of this analysis.

Three SHPS systems which satisfied the functional requirements for

a propulsion system were compared on a subsystem basis, and a summary

of the comparative data is shown on Table II-2. These data support the

selection of the combination of an optical energy tube, inflatable rigid-

ized concentrator-absorber and nozzle as the system weighing the least.

The system specific weight and the maximum thrust level that can

be attained are primarily dependent on the accuracy to which the concen-

trator can be constructed; the accuracy, in turn, depends on fabrication

techniques. Shown on Table II-2 ms a comparison of system weights that

result from the selection of either a solid concentrator or an inflat-

able rigidized concentrator. The range of specific weights of systems

using a solid concentrator ms from 150 to 175 lb/lb, whereas systems

using an inflatable concentrator have a specific weight range of 87to

llO lb/lb. This lower weight results even though the inflatable con-

centrator has reduced performance.

During the analysis, a survey of state-of-the-art of improvements

that could be expected in concentrator accuracy, was carried out by so-

liciting estimates from lO concentrator manufacturers.

From the survey replies, a 60-foot diameter limit was set as maxi-

mum for solid and petal mirrors and a 200-foot limit was established for

the inflatableomirror. The concentration ratio at the Earth's astronomi-

cal distance for each was selected as 27,000 and 16,250, respectively.

The maximum attainable thrust for each of the diameters and concentration

ratio combination is lO lb and 95 lb, as is shown on Table II-2.
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A summary of systems using optical transfer tubes at various thrust

levels are shown on Table 11-3. All of the systems compared in the body

of the report are functionally equivalent to a basic SHPS system model

(Configuration B, Figure IV-A-I-5). However, system weights associated

with the simplest combination of components capable of performing a helio-

centric transfer is shown on Table 11-4.

From the standpoint of operational capability, the concentrator,

absorber, and energy-transfer tube are critical components. They are

all required if orbital operations are to be performed.

The concentrator is the heaviest component in the SHPS and it repre-

sents more than 75% of the system weight in all cases. Because of the

interdependency between system specific weight and accuracy, and due to

the differences in fabrication techniques, no absolute selection of one

mirror o_er all others can be made. The improvements in mirror perform-

ance anticipated in the state-of-the-art by 1970 are favorable to SHPS,

The energy-transfer tube is critical from both a mission and weight

standpoint. From mission aspects, the orbiting mission cannot be per-

forme_ if the tube and a rotatable joint are not in the system.

The low specific weight now estimated for the systems confining

optical energy-transfer tubes is the result of two factors: performance

estimated for the optical tube is high, equal to that of the parabolic

mirror, and the material of construction has a low density. The optical

tube is constructed of aluminum whereas the competitive hot-gas-tube syS-

tem is made of a refractory metal.

The feasibility of transferring hot gas need not be proven. It is

straight forward, dependent on material technology more than any other

factor. However, the optical ener_y transfer tube requires further and

more refined analysis (if not a demonstration of feasibility), before it

can be accepted as a useful component.
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The absorber is as critical as the concentrator. The efficiency

of the energy conversion in the absorber determines many basic system

factors, including whether or not the desired temperature will be

achieved.

Each of these critical components is evaluated more fully in the

body of the report.

The reliability of the three SHPS was evaluated.° The models used

were somewhat more complex than the three functional models generally

used throughout the report; however, the _eliability was not affected

by the additional ccmplexity. For orbiting missions the optical energy-

transfer tube system was most reliable. For example, when the ratio of

burning-time to mission-time was 0.058, the reliabilities were as follows:

Mission Time Reliability

I month 99.57 %

6 months 97.00 %

12 months 93°23 %

The reliability associated with other mission conditions can be

found in the body of the report. In general, the SHPS is a reliable sys-

tem when the missions identified in this report are considered.

Also to be found in this report are the subsystem analyses which

provided detailed information for the following:

SHPS Propellant Container Weight

Interstage Structural Weight

Concentrator Support Structure Weight

Nozzle Weight

A Method of Estimating Development Cosh and Time
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TABLE iI-i

SUMMAEY OF WEIGHT DEPENIENCIES

Orbital operations

Interplanetary maneuvers

Heliocentric transfers

Thrusting

Systems

87. FO

.-80 F
o

0.053 Fo 0.84

0.0485Fo+8375

Tankage

We ight

O.044Wp I'082

O.044Wp I'O82

0.02%

o.23_p 0"971
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T_L_ II-3

SHPS UTILIZING OPTICAL TRANSFER TUHE

AND INFLATED-RIGXDIZED CONCENTRATOR

• "" ' ' ' . I

Concentration Ratio

Concentrator Dia (ft)

Pc (Iblft2)

Concentrator Weight

Absorber Weight

Optical Tube Weight

Nozzle Weight

Total Weight

Specific Weight

(I_)

(Ib)

(lb)

(Ib)

(lb)

THRUST(lb)

,,1 !o , 2,5
16, 25o 16, 25o !6,250

I

20.6 65.4 103.4
t

0.2 0.2 0.2

67.25 672.5 1681.2

10,4 62,7 204.5

7,9 79.,5 198.7

2.7 27.0 67.5

88,3 841,7 2151,9

88,3 84,1 86.6

5o

16,250 16,250

146.3 201.67

0.2 0.2

3362,5 6388.7

503,3 1038.0

397.5 755.2

135.o 248.5

4398.0 8431.0

87.9 88.8

Average Specific Weight 87.1 Ib
Y_
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TABLE II-4

SHPS SUITABLE FOR_ELIOCENTR!CTPANSFER*

THRUST(Ib)

2 20 2
Inflatable Inflatable Solid

I0

Solid

!
I

I

I

i

I

!
I

!
I
I

i

I

Concentration Ratio 16,250

Concentrator Dia (ft) 29.87

Pc 0.2
, , , = ,

Concentrator Weight (Ib) ]340.1

Absorber Weight (Ib) 16.6

NozzleWeight (lb) 5.h

Total Weight (Ib) 162.1

Specific Weight 81.0

16,250 27,000

95.71 26.7

0.2 0.5

143%o 280.0

100.9 10.2

5_.o 5._

1593.9 295.6

79.69 147.8

27,000

(max) 59.73

0.5

14oi,3

37.1

27.0

l_.5

Average 80.34 Average 147.1

* This calculation is approximate. It is equal to deflecting system weight

less the weight of the tubes.
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Ill. RECOMMENDATIONS

To assist the National Aeronautics and Space Administration in

choosing a course of action leading to the complete assessment of

SHPS, Aerojet-General submits a list of follow-on efforts which are

basic to early evaluation and design of SHPS and the discovery of

missions to which it is best suited.

The existing contract has provided basic and valuable analytical

tools, such as the comparative missions analysis data and charts, sys-

tem weight charts and a flexible weight estimating and computational

plan. All of these present generalized data useful to engineers work-

ing in the field of solar heated hydrogen propulsion.

With this as a background, it is possible to more clearly point

out the specific tasks that must still be done. AeroJet-General Corp-

oration wishes to advise the best route to be taken to attain the broad

objectives that have been stated for this program. The exactness in

specifying a route is, of course, a function of the informati6n avail-

ability.

Using, as the basis for observation, the orbital and interplanetary

operations charts, system weight estimates and the limited number of escape

trajectories prepared during the contract, the following Comparison of

propulsion systems can be made to support both a continuation and an in-

crease in effort.

I The SHPS and nuclear-hydrogen systems are applicable to diff-

erent vehicle weight ranges. The former can be expected to provide favor-

able performance in vehicles below approximately i00,000 pounds.
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2 In the comparison of cryogenic chemical system and SHPS

the payload advantage shifts from one system to another over the range

of maneuvers. Maneuvers in which there is little _V difference be-

tween high and low-thrust methods favor SHPS. The comparative perform-

ance in any mission depends upon the proportion in which these two types

of maneuvers exist.

The maneuvers in which the _V difference between high-thrust

and low-thrust operation is relatively small are orbital altitude change

and heliocentric transfer.

When the_V difference is relatively large, as in escape

maneuvers, principally from the earth, the high-thrust system is favored.

3_ In the appropriate weight range, transit time for SHPS is

not appreciably longer than that for high-thrust systems for interp!anet.

arymissions. The mission consists mainly of coasting. Probe missions

have burning times in the range of 3-15 days with SHPS.

4 The propellant fraction of SHPS is generally lower than that

attainable with chemical systems. A present estimate for SHPS consider-

ing tank staging is as high as 0.92. The importance of obtaining low

system weight requires careful and detailed study.

The critical components necessary for performing orbital and inter-

planetary operations, and the performance of which has an effect on sys-

tea,weight are:

a

b

O

Energy-transfer tube with rotary Joint

Solar energy absorber and heat exchanger

Concentrator
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The specific components when combined, that show promise of pro-

ducing a low-weight system are the inflatable concentrator, optical

energy-transfer tube and cavity heat exchanger.

Based on the factors abbreviated above, and amplified in the two

volume's of this report, Aerg_et-General Recommends:

i That the comparative mission analysis effort be continued

with the main objective being identification of missions areas in

which SHPS has the highest payload capability.

2 That system weight analysis effort should be continued,

but with emphasis placed on detailed and refined performance analysis

of the critical components. Also, the application and integration of

the basic SHPS to space vehicles should be analysed in terms of thrust

vector orientation requirements for specific missions.

3 The system and application studies should be supported with

early development, design, fabrication and test evaluation of two criti-

cal components now receiving limited Aerojet-General funding support.

These are:

Cavity Heat Absorber

Optical Energy-Transfer Tube

Missions that now appear promising are given below. They are based

on review of the data prepared for contract NAS 7-230, and they Justify

the strong belief that SHPS has a competitive position, among propul-

sion systems based on payload delivered. These missions are:

(a)

(b)

Altitude change maneuvers

Earth orbit plane change considering changes of 25 °

to _0 ° in orbits to 5000 nm.
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Venus Co-orbit and similar missions where the portion

of the _V requirement due to heliocentric transfer is

high.

Additional missions that warrant further investigation on the

basis that they are possible SHPS applications are:

(a)

(b)
Lunar transportation and ferry operations

Solar probes with thrusting at perihelion

A. _ETAILED SUPPORT TO SYSTEM WEIGHT ANALYSIS RECOMMENDATIONS

The system weight analysis, as it was conducted considered

the SHPS performance to be 800 seconds (Isp) . However, a slight change

in Isp has an effect on system weight. Therefore, the future program

should consider the trade-offs that result between absorber blackbody

temperature, chamber pressure_Lud temperature, with system weight and

performance.

The evaluation of systems that require hot-gas transport

tubes or optical transfeztubes should be refined before a rigorous

comparison can be made. The reflective shield weight should be opti-

mized with respeqt to emissivity and temperature-density relationships.

The effect of off optim_ tube diameters should also be reviewed because

tankage weight is not affected in the operating regime now considered

for SHPS. Similarly, the performance of the optical energy-transfer tube

can be more accurately appraised by the use of random sampling and statis-

tical analysis. The Monte Carlo method as applied to solar optics is

a powerful tool for estimating the flux distributions. The identifica-

tion of the flux at the exit of the optical energy-transfer tube must

be made before the tube is accepted as a useful component.
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The opti_xm method of fabricating an optical tube having the

desired accuracy and quality has yet to be proven. The best fabrication

techniques should be uncovered and a test model fabricated.

Within the scope of the contract, the application of SHPS to

vehicles was limited to the identification of three SHPS configurations that

satisfied propulsion system requirements. An early selection of a basic

model was made which became the basis of the system weight studies that

followed. This early selection was justified by the fact that the weight

analysis was the most important aspect of the program. Farther study of

the application and integration of S_PS to vehicles is needed if the most

optimum system configuration from the vehicle standpoint is to be defined.

The determination of the preferred method of positioning and

changing the thrust vector has not been resolved. For instance, should the

thrust positioning be accomplished by a continuous rotation of the nozzle or

by a sinusoidal motion? The effect of the thrust vector not being positioned

through the center of gravity of the vehicle must also be determined. This

situation would exist for vehicles having the configuration used as the basic

SHPS model presented in this report. T_e moment applied to the vehicle will

establish the attitude control system requirements.

Concentrators have been fabricated for various power systems a_

the estimated future performance improvements are favorable to SHPS; however,

the optimum performance of the cavity absorber is yet to be developed. An

early absorber development, test program is considered important and it should

emphasize the maximma heat-transfer effectiveness, the efficiency of the solar

cavity and material fabrication techniques.

The test model of the cavity-heater should be of a size compatible

with available high-accuracy mirrors so that the analytical program can be

reinforced with experimental._ata as soon as possible.
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Of great importance is the need for solar concentrator manufac-

_rers to continue to develop low-weight mirrors having high geometric and

reflective quality so that the improvements anticipated by 1970 do, in fact,

Occur • _ •

B. DETAILED SUPPORT TO MISSION ANALYSIS RECOMM_rDATIONS

In as _ch as a limited number of escape trajectories were run

d_ring the study, a logical follow-on would be to compute additional

trajectories. However, approaching the problem in this manner would require

high computer costs. Therefore, one of the first tasks should be an attempt

to establish a correlation betwe_ accurate computer data and analytical

approximations. Such a correlation would be useful in predicting additional

trajectories without the need of f_rther computer output• Far example, a

correlation method would allow earth-centered computer data to be interpreted

in terms of initial altitudes other than those at the earth. In addition, it

would be worthwhile to evaluate the dependence of the oscillatory nature of

the low-thrust trajectories on I and thrust-to-weight ratio and mission
sp

requirement. Such oscillations affect mission time and payload. The effect

at different planets should be observed; and inward and outward trajectories

should be compared with respect to the qscillation.

Hyperbolic escape conditions cannot be met at every planet within

its sphere of influence using all of the thrust-to-weight ratios corresponding

to the ranges of thrust and weight chosen for study. Therefore, the reference

central body must be changed in the course of a mission calculation. The

effect of changing central bodies can be obtained by combining planetoce_tric

and heliocentric thrusting data, such as that already generated in this study.

Of course, the end conditions of the two thrusting phases must be matched to

accurately represent a mission.

Only cases that require heliocentric thrusting at one a.u. can be
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evaluated with present data. During the present contact, e_phasis was

placed on missions _hich started from the earth and which had a thrusting

phase that occurred in the initial portion of the flight path. Limiting

the missions to this specific situation was Justified in that all near future

missions start from the earth. However, since thrusting at fractions of an

a.u. will be required for probes with perihelion th-N_sting and for missions

with starting points near other planets, additional heliocentric calculations

should be made. Without this data accurate appraisal of SHPS performance at

various astronomical position_ other than the earth, will be difficult.

For the present study, the AV for transfer from a heliocentric

ellipse to a planetary velocity is assumed to be equal to that of the high-

thrust (Hohmaml) approximation if the thrusting takes place over a relatively

short time (for example, 4 or 5 days). Whe_ heliocentric thrusting data

about other planets become available, the end conditions will have to be

matched with the coast trajectories corresponding to heliocentric thrusting

near Earth, so that interplanetary missions can be properly simulated. The

possibility of substituting an invariant for the AV parameter in the deter-

ruination of mission requirements should be considered. In a recent paper,

by Charles L. Zola_ I)_ which discusses optimum trajectories of low-thrust

propulsion systems, a linking parameter similar to AV is suggestQd. It i8

said to have the desirable quality of being invariant with respect to thrust-

to-mass ratio and Isp. It provides a means of correlating the performance,

in terms of payload delivered, resulting from different modes of operationj

_Ich as constant or variable low-thrust, so that optimum trajectories can be

e_sily determined.

The linking parameter although not fully described by Zola, seems

sufficiently valuable to be considered in the evaluation of optimum power-

coast-power missions to planets nearer the Sun than the Earth. Lu trajectories

such as this the thrust available in the last power phase may be an advantage

to SHPS. Since the study covered by the contract was confined to a SHPS
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having an 800 sec specific impulse, no trade-offs between F/W ratio _ and

Isp existed. These trade-offs will exist in real systems and they should

be evaluated so that the optimum over-all performance of a SHPS can be

determined.

The trade-offs between F/W ratio, 9, and I should be studied
sp

more closely so that the optimum SHPS configuration from a payload standpoint

can be easily identified.

I

I

I
I

I
I

I
I

I

The position of the SHPS relative to nuclear-electric propulsion

systems should be evaluated in greater detail in future work. Conversion of

SHPS data into terms equivalent to those customarily employed in the eval-

uation of nuclear-electric system is not a formidable task. Abundant mission

data and figure of merit data exist pertaining to nuclear-electric propulsion

systems.

As soon as the parametric data previously referred $o are developed

regarding SHPS missions, effort can be concentrated on the establishment of

an order of preference of space missions for SHPS. After this a detailed

analysis of the most promising mission or missionsjwhich include those already

identified by this study, should be made. Eccentricity and non-coplanarity

of planetary orbits, midcourse correction, and possibly perturbations and

attitude control are the factors that should be included in a detailed analysis.

Late in the program the convenience of having a single chart format

for all comparative mission data was realized. Specifically it was recognized

that with the many existing curves a comparison of several systems required

both time and familiarization with all data.

It was also recognized that, with the addition of an appropriate

mission AV curve to Figure A1 the acquisition of data for one type of propul-

sion system and one specific mission could be easily and rapidly obtained.
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To further improve the situation and to allow quick evaluation

of many system and missions the above chart should be improved further to

include insertable tank propellant fraction curves and payload plus thrusting

system weight curves.

Preparation of a chart with quick substitution curves similar in

concept to the one Just described above is necessary if a rapid comparison

of systems is to be made.

In regard to more detailed specific analyses, the probable return

on optimizing the thrust orientation program for low Fo/W o cases should be

evaluated. Such optimization should be performed so _hat the general rules

of thrust optimizat$on for SHPS can be formulated. For this purpose, computer

r_n data may be used to formulate empirical relationships between outputs

(paYload , time) and inputs (F/M ratio, thrusting time, terminal conditions,

!sp , etc.). Such formulations may indicate the general direction toward a

more efficient thrusting program.

The use of high and low thrust in combination was not considered

in detail in this study. Further mission analysis should include the develop-

ment of data showing the correct apportionment of high and low thrust for

maximum payload in space missions.
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IV. PROPULSION SYSTEM ANALYSIS

Consistant with the broad objectives of this program, the develop-

ment of system weight and performance equations forsolar heated hydrogen

propulsion systems received most attention. Section IV. A. contains

SHPS data, and Sections IV. B. and IV. C. present analysis of advanced

chemical and nuclear propulsion systems.

A. SOLAR HYDROGEN PROPULSION

i. Propulsion S[stem Requirements

The analysis herein of solar hydrogen propulsion pro-

vides a detailed picture of all factors that have a major effect on the

mass fraction of the system, and specifically considers the performance

and weight of individual critical components. Also provided is a limited

analysis of the general mission and propulsion system requirement_ as

they affect the synthesis of the basic components into workable sol_-

heated hydrogen propulsion systems. Looking at the SHPS from a perfor-

mance and energy standpoint, the principal functions that must be accom-

plished are (a) the solar energy must be concentrated, absorbed and

transferred to the hydrogen, (b) the gas then must be transported to the

nozzle where an isentropic expansion takes place. From the vehicle

integration standpoint, the thrust vector must be oriented as required by

the mission while the concentrator is trained on the sun. Under no con-

dition can the exhaust gas impinge on the vehicle.

There are numerous missions, each consisting of a

specific combination of maneuvers and operations. In final analysis, the

mission dictates the selection of major system components and the limits

of thrust-vector orientation, Conversely, each combination of system

components allows specific mission capability. Approaching the problem in
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this converse manner requires the evaluation of logical components com-

binatlons that form systems which, in turn, can perform either part or

complete missions.

Three vehicle configurations were synthesized. They

are shown on Figure IV-A-I-I. The simplest system, configuration A,

consists of a concentrator, focal-point absorber and a fixed nozzle.

The maneuvering capability of this configuration is limited to cases

where thrusting is normal wlth respect to the line of sight to the sun.

Configuration B has the addition of an energy-transfer tube and rotary

Joint. With the assistance from attitude control, this system can per-

form all complex maneuvers with the exception of attitude control.

Configuration C has two rotary Joints allowing complete

freedom to orient the nozzle in any vectoral position with respect to

the vehicle without requiring rotation of the collector. This system

contains the largest number of components necessary to perform the maneu-

vers.

All vehicles, using chemical, nuclear, or solar pro-

pulsion, require attitude controls; therefore, the selection of a con-

figuration B as the basic SHPB model for performance and weight evaluation

provides a consistant comparative base.

All propulsion systems are then comparable. Penalizing

the SHPS with the additional tube and rotary Joint shown in configuration

C was not Justifiable; therefore, no emphasis has been placed on this

arrangement in the weight analysis. Further Justification for this

selection can be seen by comparing the differences that occur in thrust

vector positioning shown schematically on Figure IV-A-I-2. When an

attitude control system is used to assist in maneuvering, the vehicle

rotates about the line of sight to the sun, while in the alternate case no

rotation is required.
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If the orbit is circular, as is shown on Figure IV-A-I-2,

the nozzle angular velocity is a continuous motion. One revolution of

the nozzle per orbit of the vehicle is required. In those cases where

the orbiting path is elliptical, the angular velocity of the rotary Joint

is a function of the eccentricity of the orbit. For reasons of propellant

economy, the thrust vector must be along the intersection of the plane of

the orbit and the tangent plane to the orbit. The nozzle-posltlonlng

motor drive must above all satisfy this requirement. Payload instrument

pointing requirements may impose limitations on the rotation of the

vehicle as it attempts to maintain a llne-of-slght to the sun.

An example where the SHPS and mission requirements are

similar is the solar observatory. In this case, the scientific instru-

ments and concentrator are both pointed at the sun. This could be an

advantageous situation.

Subsystems and Component Combinations

The basic functions required for a solar hydrogen

propulsion system (such as concentration of energy, absorption of energy,

transfer of the energy to the gas and then the expansion through a nozzle)

are independent of the missions and are immediately apparent. It is not

as clear, however, what component combination will perform these basic

functions and provide thrust-vector orientation capability, so that either

mlnimumweight or maximum reliability, or both are obtainable.

The chart shown on Figure IV-A-I-3 presents possible

combinations that exist between absorber-heat exchanger, transfer tubes,

nozzle, and parabolic concentrator. The chart is self explanatory; how-

ever, an expanded description of several abbreviated terms appearing on

the chart are given below:
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a. Cavity Absorber Remote from Concentrator

This is a solar energy absorber heat exchanger

not at the focal point of the concentrator. For the absorber to be in

a remote position, the focal-point energy of the parabolic mirror must

be transferred by an optical device, such as a Cassegrainianmirror

system or a combination of cones andmirrors.

b. Focal-Point Cavity Absorber

The energy concentrated at the focal point is

directly transferred to the hydrogen and then transported through a tube

to the nozzle. The exception is system configuration A, shown on Figure

IV-A-I-I. In that case, the nozzle is attached to the absorber.

Each line that is drawn through the chart denotes

a system. Twelve combinations will result, and a matrix of these com-

binations is shown on FigurelV-A-l-4. The various possible combinations

are shown in the order of increasing development difficulty. The pro-

bability of encountering an unsolvable development problem increases

with the order number. The development difficulty was established on

the basis of the following considerations:

(I) Most difficult to develop are the rocket-

gimbal system and devices that allow rela-

tive motion on the basis of elastic

deflection of metals.

(2) Optical energy-transfer tubes are less dif-

ficult to develop than the above.

(3) High-temperature tubing is the least diffi-

cult to develop.
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This system synthesis is a basic step in system

weight analysis in that the major difference between solar propulsion

systems can not be identified.

Three basic combinations of propulsion system

components that form workable systems can be identified by using this

matrix. The three solar hydrogen propulsion systems shown on Figure

IV-A-I-5 are the basic units. They are functionally equivalent and serve

as the basis of a solar hydrogen system comparison that ultimately will

define the minimum weight combination and most reliable combination.
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L0774-01-7

_rabolic Concentrator

i i L___ o _o_o____

Remote 1 | Focal _int
From Concentrator [: | Cavity Absorber

H_ Rocket / \ H_ Rocket

n_egral With / \ Remote from

Absorber , / \ Absorber

Fixed Jet Single Rocket
_sition Movable Jet

i

I

/

Multiple Rocket ]Movable Jets

Legend:

Symbol

A
B
C

Coupling Components Required

Optical energy-transfer tube
Hot-gas pipe
Gimballed rocket motor

Any single line traced through the chart denotes a system:

optical transfer system

-o-o.o- a simple system useful for heliocentric transfer

COMPONENT COMBINATIONS THAT FORM SYSTEMS

33..@'- TA - 0349
Figure lV-A-1-3
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2. Anal_tical Approach for S_stem Weight Estimation

The three basic solar heated hydrogen systems shown

on Figure IV-A-I-5 have identieal critical components with the exception

of the energy,transfer equipment (hot-gas tubes with or without sealed

rotary Joints and optical-transfer tubes). Common to all three systems

are the parabolic concentrator, cavity absorber, nozzle and propellants

tanks. As is shown on Figure IV-A-I-5 there are several ways of coupling

these critical components, but no previous analysis could be found to

support the selection of one of the specific systems as the best.

As a result of this lack, a mathematical model of SHPS

was prepared which was suitable for estimating the weights and perfor-

mance of all three SHPS configurations. The analytical approach used

in conjunction with the model simply takes the separate equations for

optimnmperformance associated with each critical component and combines

them into a single computer program.

The system analyst is given the opportunity to select

the inputs and path.

Fundamental to the solution of the problem is the

understanding of solar system losses. The major factors that contribute

to overall efficiency are tabulated on the energy flow diagram, Figure

IV-A-2-1. The losses that are chargeable to each of the three systems

occur in different ways as the energy flows from the concentrator to the

nozzle. In the case of the system using an optical-transfer tube, there

is a reduction in both peak flux intensity and total energy content due

to absorption of energy prior to entering the cavity. In transporting

hot gas in a tube, on the other hand, losses through the wall occur after

the energy is absorbed. It should be noted that systems using two tubes,
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such as the tube-deflecting system, can only use one tube at a time. The

radiation losses are, therefore, the same as for a single tube. In

addition, leakage that results when a labyrinth=sealed rotary Joint is

used is a direct performance loss and the system temperatures must be

increased to compensate for the loss of propellant.

A brief description of the analytical steps considered

in the preparation of the compUter program are as follows:

a. An analytical expression* for the maximum cavity

absorber efficiency, when a specific flux distribution is known or

specified, was derived. The optimum absorber aperture was determined

considering the folloWing factors:

(i) The flux distribution can be represented

by a gaussian distribution F F e - far-)
2

(2)

energy from the aperture.

That the major loss is the re-radiation Of

(3) That useful energy at temperatures of

37OO°R to 42OO°R must be extracted.

The equation derived is:

* Derivations of all the equations and terms presented in this Section

are defined elsewhere in this report.
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b. A method of estimating the reflective losses that

occur when an optical-transfer tube is used was prepared.

The optical tube modifies the flux distribution

that occurs at the parabolic mirror focal point in the process of trans-

ferring the energy. If the energy at the psrabol_c focus is expressed

by gaussian distribution equation F = F p -(_) where the maximum
max P

flux level is F = CRO x i, then the total energy at the parabolic

max _c wP 2F
mirror focus is Qo = max. The energy at the exit of the optical-

4

transfer tube is, however, Qot = _ca_c w p2 F k where k is amax opt opt

peak flux correction and _ca is the ratio of total energy at the exit

of the optical-transfer tube to the energy at the entrance.

c. An analytical expression for the minimum losses

that result due to the use of a hot-gas tube was derived. These tube

losses occur between the cavity absorber and the nozzle. The effect is

to require increased enthalpy at the exit of the absorber which can only

occur if there is a corresponding increase in blackbody temperature.

This increase tends to reduce the cavity efficiency and increases the

system weight_ particularly when the specific impulse, concentration ratio

and thrust level are fixed for other reasons. The analysis of minimum

system power losses with respect to tube diameter produced the following

.167
expression for optimum tube diameter D = 5_ where_is a pressure

opt -_
drop factor and_ is the radiant energy loss term.

d. The performance of the parabolic concentrator for

the SHPS is dependent on the geometric accuracy (surface tangential error)

and the optical quality that can be obtained. To determine the mirror

optical and surface quality obtainable in the state-of-the-art in the 1970

time period, a survey of all known manufacturers was carried out, and

the data received were correlated. The expression that correlated the
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error and o_tical quality to the assumed guassia_ flux distribution F =

p- (r) used in this analysis, is important. Such a correlation

can be obtained through the use of r_udom statistical analysis.

e.. The analysis of the isentrOpic expansion to

vacuum (space) for equliibrlumcompoSltionh_drogen has been previously

investigated by others, and _hereforereceived limited analysiS during

this program.

Previously prepared analyses, such as NASA

Technical Note D,_5, Were used. Figure IV.A-2-2 is an excerpt fromthis

report. Most important was the selection of the operating pressure

regime. A pressure rLuge between 0.i t6 0.01 arm was considered. The

advantage of operating at lower chamber temperatures consistant with a

0.01 atm pressure level is to decrease system weight.
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3. S_stem Anal_sis

With sufficient data available at the outset of the

program to identify the theoricalperformance of a rocket nozzle, and

with a survey of concentrator manufacturers to provide information to

identify the parabolic concentrator performance attainable by 1970,

three critical aomponents remained to be analyzed in a fashion which

would allow computation of system weights on the IBM 7090 computer

available at Von Karman Center, AGC. These components are the cavity

absorber, optical-transfer tube and hot-gas tube.

The cavity absorber is a basic and key component to

all solar heating systems_hereas it seemed obvious that the optical-

transfer tube was an auxiliary peculiar to SHPS. The optical-tranSfer

tube reduces the energy envelope prior to absorption in the cavity as

shown on Figure IV-A-4-1, while the hot-gas tube , also an auxiliax-i,

reduces the enthalpy of the gas after the energy is absorbed. These

auxiliary components modify the energy available to/or extracted f_om

the cavity absorber and therefore are of lesser importance at the out-

set. The derivation of an analytical expression for the maximum

achievable temperature in the cavity absorber while hot gas is being

extracted is presented in the paragraphs on absorber design. It is

sufficient here to give the results of the optimization.

= e opt where Y = ( )

or

_ _(__)_
" e
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Considerlng the gaussian distribution Figure IV-A-_-I

F = Fmax e

at the entrance to the absorber a heat balance ab6u_ this point san be

_ritten.

The heat entering cavity is

ec Fma x e _P/

The heat re-radiated t_rough aperture is

=c "r2 °TB_

The heat lost through the walls

_c_

Heat collected in fluid = Qc and total incident energy. = Qo

Summarizing all terms

Qc + _c _r2 aT B4 + eRS AO UTB4
l e Ir 2 Fzax • "

2

_rdr
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Substituting the following and integrating

_a=Q c

Qo

2 4
r = -in
P T.

4 4
T. = _ TB / Fma x

2
A =wr
O

The absorber efficiency is found to be

[_:_ (i+_) + 4 4 + (iZc T. in T. _c cRC

The effect of the addition of a hot-gas transfer tube on the performance

of SHPS is to require an increase in cavity blackbody temperature which

decreases the attainable _a, and demands a larger mirror. The transfer

tube length and mirror diameter have a direct relationship. Consequently,

to evaluate the total effect of the hot tube on concentrator diameter,

a series of successive approximations must be performed until the tube

length and diameter were matched within i_.

A discussion of the individual equations that express

the hot-gas tube losses is presented in a later paragraph; also the

method of estimating the change in the flux distribution at the exit

of an optical energy-transfer-tube is discussed later. Energy-transfer

losses equations, in a form compatible with computer requirements, are

subroutines to the cavity absorber efficiency calculation.

The computational flow diagram IV-A-4-2 shows the

optical branch and the hot-gas tube branch clearly. The equation, numeri-

cally identified, are listed below, and are also described in the section

of the report covering the individual component.
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_A_ oF_UAT_ONS

E_A_IONS9_D_Am S_ST_

aU

2
CR = CRO . au

n= - (_).(1).(xo_)

W

Qo

r

• Ac

F

. _ _ (_ex - To) 36oo

.°:,_ _()
m (. p2 In T.4) condition T4 < i

Ao 2
A c " _-_ _ r

"RC

]Qo x2 ½
Dcoll 1.275
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I 15. Wtotal= _rc + Wopt + Wa + W_c + wt

I _EQUATIONSUSEDI_TOPTICAL.S!STEM.

Tn

l 16. ,.x

I _. _ r_ _oo__]_L" V"_"J

!

I EQUATIONS USED IN DEFLECTING,,,, ,

AND SWIVELING SYSTemS

l

l

l

I

l

I

20. A

21. B

22.

anLTn 4,

n 1

32 f (F / Isp)3 L
m

(778) (32.2) PH2

[
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= A (Popt) , B
(DOpt)_

m
Tn ÷

Syp ah min

hexit ,.
m _ ,, .

exit " BL"

= (NT)N Dopt L IPT TT + (N) (is) PS ]

NT - 2 for deflecting system 1
NT = 1 for swiveling system
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4. System Comparisons

The weight of a solar-hydrogen propulsion system is

critically dependent upon the components selected, the individual perfor-

mance of each and the method of coupling. Synthesis of propulsion systems,

considering vehicle integration problems, resulted in three distinct

systems which were identified by their mission capability on Figure

IV-A-l-5. From these three systems, the most logical choice for the

propulsion system model, to be used for component evaluation, was the

system that could perform all maneuvers with the assistance of an attitude

control system (configuration B). The vehicle, configuration A, has a

lower weight; however, its mission capability is restricted. It can only

be used when heliocentric operations are considered. Because of mission

capability limitations that exist for various combinations of components,

caution must be used in selecting system weights in the comparative

mission study, Volume II of this report.

Underlying the vehlcle-mission selection is the basic

problem of which combination of components offers the lowest total system

weight.

To aid in identifying the most competitive system on

a weight basis, a means of estimating both weight and performance for

the SHPS model was a necessity.

A computer program which, performed the steps presented

on the computational flow chart, Figure IV-A-4-2, became the basic tool

for this job. It allowed many input selections and computational routes.

Analysis of each component, presented later in the report, provided the

basic analytical information, and supports the equation selected.
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In all cases the equations, in themselves, are straight

forward; however, the evaluation of component combinations is heavily

interrelated. This was resolved by maklng all comparisons on a complete

system basis. The performance of the total system then determines the

size, weight and configuration of the individual components.

In certain cases limitations had to be imposed on com-

ponents so that the results of the study were within reasonable boundaries;

for example, concentrators are now being constructed to 44.5 feet in

diameter and it is expected that they will have reached 200 feet by the year

1970. Therefore, a 200-foot maximum diameter was established.

Limiting the mirror diameter in terms of an estimate

of the state-of-the-art limits the maximum energy that can be concentrated,

and also limits the thrust.

Because of time limitations, a portion of the input was

introduced on a point-by-polnt basis. The weight of the absorber and

the increase in absorber temperature to compensate for the leakage losses

because of a rotary seal were major factors handled on a polnt-by-point

basis. The numerical input inthese cases was based on the data generated

during the contract. The range of values used, the output and the basic

data insert into the program is shown in Table IV-1. The program provides

a powerful way, even in its unrefined state, of evaluating SHPS as the

state-of-the-art changes, as new information is brought to light.

Figures IV-A-4-3 through IV-A-4-20 present results use-

ful for comparing the three SHPS of interest.

For each basic SHPS, six curves were prepared. Four of

the six curves compare systems which use solid, petal-type, and inflatable-

rigidized concentrators. The remaining two curves give a comparison of

system weights using only inflatable concentrators at two concentration
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ratios, 5000 and 16,250. These curves present the following parameters

plotted against thrust; total system weight, absorber weight, concentrator

diameter, and energy-transfer tube weight.

The data for the SHP8, using an optical energy-transfer

tube, is presented in Figures IV-A-4-3 through -8, for the swiveling

system on Figures IV-A-4-12 through 14, and for the deflecting system

are on Figure IV-A-4-15 through -20.

All curves in this group terminate at the point where

the mirror diameter is the limiting factor. The curves representing

*he various parameters for solid and petal concentrator at concentration

ratio of 16,250, 21,600 and 27,000 are limited by a 60-foot diameter,

whereas the inflatable concentrators are limited to 200 feet. There is

one exception: the inflatable concentrator having a concentration ratio

of 16,250 is not limited to 20 ib thrust as is indicated on many of the

curves.

At a concentration ratio of 16,250 and specific weight

of 0.2 ib/ft 2 the inflatable concentrators show a definite weight advan-

tage. Unfortunately, the basic mirror performance data that supports

this high concentrator ratio (CRO) for the inflatable concentrator was

received too late in the program to allow replotting of data; however two

additional plots specifically for inflatable concentrators were prepared

to overcome the deficiencies. Figures IV-A-4-8 and -9 show that 95 ib

of thrust can be attained.

For comparison purposes, plots were prepared for each

component weight with respect to thrust at a specific concentration ratio.

For s_stems using solid or petaled concentrators the CRO value chosen was

27,000 while both CRO values of 5000 and 16,250 are used for comparison

of inflatable concentrators.
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The comparison of the three basic systems on a total

weight basis is shown on Figure IV-A-4-21. A conclusion that can be

drawn frmu the plot is that the system containiDg an optical-transfer

tube has the lowest weight. This conclusion can be drawn only if the
i

initial boundary values are first accepted. The restrictions are, in

most part_ identified on the chart of computer inputs, Table tV-1. For

example, the hot-gas transfer tubes, considered in the comparison, have

a density of 1050 Ib , 50 shields - 0.001 inches thick and the average

_3
shield density is 600 Ib , the emissivity of the shields is 0.26, and

_3
the concentrator has a specific weight of 0.5 Ib and is limited to

_2
60 foot _ diameter.. The system specific weight for a combination

of a solid concentrator and the optical-transfer tube as shown on

Fi_are IV-A-4-21 is 150.

This is favorably lower than the weight of an inf_a_le

oencentrator having a CRO of 5000; however, when compared to one haV_ _

a CRO of 16,250 as shown on Figure IV-A-4-22, which has a specific we_t
ib

of 85_-_ it is obviously at a_disadvantage° There is a reduced mirror

accuracy and corresponding lower CRO requirement for inflatable systems

mayo possible because of the difference in specific weight.

Involved in the comparison is the fact that _as the

CRO decreases, concentrator diameter increases and tube weight and absorber

weight increase, Figures IV-A-4-5 and 9 and IV-A-4-3 and -i0.
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It is interesting to note that the deflecting tube

system (see Figure IV-A-4-21), which was investigated as a means of

o_ercoming the leakage losses that occur in the swivel system does prove

to have a weight advantage over the swivel system below 2.5 ib of thrust.

This is a performance regime where the leakage is a high percentage of

total flow and the weight of a system with two tubes is the least. At

O.146 ib/in 2 and i ib thrust, the leakage is 5_ if optimum tube diameters

are considered. Comparisons of individual components in the three basic

systems are given later in the report. Curves comparing absorber weight

to thrust for the three basic systems are in Section IV-A-6, concentrator

weight vs thrust are in Section IV-A-5, and energy transfer weight tubes

vs thrust are in Section IV-A-9.

A review of Figures IV-A-8-10 to 12_ IV-A-5-3 to 5

and !V-A-6-3 to 5 indicates that at a specific concentration ratio the

absorber weight doesn't vary more than a few pounds between the three

basic models over a broad thrust range.

The weight of solid concentrators varied as much as

250 Ib between systems at a CR0 of 16250, and 90 ib at a CRO of 27,000

while the energy-transfer tube _eights have a weight difference of 140 ib

at 9 ib thrust and continue to diverge as thrust increases.
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Variable

To

_a

_ex

& 11

KoT

a_

re

Ac/Ao

I
sp

cp

Kz

ca

P
" C

@

pot

p cx

e_ e

¢ n

f

pit

pT

Optical

TAELE IV-I

Numerical Values

Deflectiag

Re_or_ Ne. L0774-01-9

Swiveling Units

600.0 600.0 600.0 °R

1.0 1,0 1,0

0.95 0.95 o,95

1.0 1.0 1.0

0.93 1.0 1.0

0,173 x lO"8 0.173 X 10-8 0,173 X 10 -8

0.98 0.98 0.98

0.05 0.05 0.o5

20.0 20.0 20.0

800,0 800,0 800,0 Sec

3.875 4.0

1.o5 z.ook

0.82 0.89

o.5 oi5
16, = 0.26666667 ° 0.26666667 °

60 ° 60 °

1.0 1.0

0.129

0.2 (used for diameters > 60')

0.26 0.26

0.26 Q_26

Oo.oz Oo.oz

6.85 x 10-5 6.85 x 10-5

zo_p.o

4.0

1.004

0.89

0.5

0.26666667°

60°

1.0

0.26

0.26

00. Ol

6.85 x 1o"5

1050.0

zb/_t 2

0

0

lb/ft 2

ib/ft 2

lb/_ 3
lb/_t 3

Table IV-I

i of 3
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Table IV-I (Cont.)

Variable Optical

t s 8.35 x 10-5

P s 600.0

hexit ]_000,O

p 0.147

4ooo.o

Au min 1.0

Tmin 3.33 x 10-4

Nt 0.0

CRIT ADcoll 0.01

KWI,_. n po:i_nt-by-
point
insertion

21.5 to 6.6

TN 3700

TB =

=

Dooll =

%

Report No. LO774-Oi-9

NRmerical Values

Def!ecti_

8.35 x 10 -5

600.0

14000.0

0.147

4000.0

1.0

3.33 x 10-4

Swivelin_

8.35 x lO-5

600.0

1400.0

0.147

4ooo.o

1.0

3.33 x 10-4

Units

ft.

lb/ft 3

Btu's/Ib

ab/in 2
lb/in 2

ft

2.0 1.0

O.O1 0.O1

point-by-point
insertion 21.5

to 6.6

point-by-point
insertion

21.5 to 6.6

#__
ft 2

37OO Point-by-point

begin at 4000OF

and decreasing

with increasing
thrust to 370OOR

oR

LIST OF OUTPUTS

Absorber cavity black body temperature

Dimensionless parameter 6 TB4

Collector diameter

Absorber collection efficiency factor

Total energy to heat gas

Table IV-I

2of3
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List of Outputs (Oont.) Report No. LO77h-Ol-9

P = Parameter in gaussian flux distribution function

r = Aperature radiusi Ac Cavity apper,at_re area

|
Dep t = Optiama tube diameter

I

I

I
i
I

I
I
I
i

i
I

I

I
I

W
C

Wot

%

= Optical transfer tube weight

= Hot gas tube weight

= Absorber to rocket engine coupling efficiency

(Hot gas tube efficiency)

Wtotal = Total weight .

Table IV-I

Page 3 of 3
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5. Ccncentrator Performance

The parabolic surface cf revolution theoretically has the

ability to focus a column of light into a single point. This is a necessary

quality for mirrors in high-temperature solar systems because the small size

cf the solar image reduces the re-radiation losses. Previous investigators*

have compared the parabolic concentrator with spherical, conical and cylin-

drical concentrators. The results of the comparison indicate that a parabolic

concentrator must be used if temperatures above 2400°F are desired.

On the basis cf this previous work, and considering the

operating temperature range for SHPS to always be above 3700°F, little choice

was left in the selection of the mirror type to be used. No further analysis

was thought to be necessary before selecting the parabolic concentrator as

the type to be used in SHPS.

Parabolic mirrors in themselves are produced by various

techniques, each having a particular advantage in terms of weight, performance,

storage volume, or cost. The important factors to be considered for SHPS is

the focal point flux distribution, the peak intensity in that distribution,

and the weight of the concentrator that can provide this specific energy

distribution.

Unfortunately, there is no connaon denominator upon _hich to

evaluate concentrator manufacturing techniques. If the theoretical limits cf

perform_auce are used, the resulting system would have an optimiatically low

weight unreasonable with respect to the state-of-the-argo .....

Energy Conversion System Reference Handbook Vol. II, Solar Thermal Energy

Source EoO.S.
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The manufacturing techniques vary greatly from solid

electroformed, stretch-formed petal, to the inflatable mylar-foam rigidized

concentrator_ and each produces mirrors of different accuracy and surface

quality. Therefore, it seemed that a means of evaluating total performance

was to define the flux distribution. The system analysis presented in this

report is based on the fact that parabolic mirrors concentrating solar energy

will have a distribution that follows a gaussian function, and that a corre-

lation between tangential surface errors of the mirror_ the solar subtense,

limb darkening, and reflective quality of the mirror can be made with the

gaussian flux distribution selected as the model distribution. Figure IV-A-5-1,

a plot of concentration ratio versus radius ratio, shows the effects of

tangential surface error at the one sigma (_) point. It is the result of

a random statistical determination of the energy distribution, accounting for

limb darkening, and tangential surface error. This curve supports the selec-

tion of the gaussian distribution.

To answer the question, "What accuracy is attainable in

the state-of-the-art or mirror fabrication by the different techniques?" a

questionnaire was submitted to companies that are specialists in mirror

fabrication. The questionnaire requested an estimate of the pQrformance

improvements that might be expected by 1970_ in terms which were useful to

the analysis to be made. The most important factors were specific weight,

concentration ratio which defined the maximum flux level occurring in the

mathematical model of the distribution, and a realistic mirror diameter limit.

The data submitted in response to the specific questions defined above, are

tabulated on Table IV-2. The questionnaire and the replies received from the

various fabricators can be found in Appendix A of this report.

As was expected, some conversion and interpretation of the

replies had to be performed before the data could be compared . Table IV-2

shows the data that were specifically indicated, separately from that which

was interpreted.
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A typical interpretation is as follows:

When the mirror tangential error was stated without

a sigma value, the one sigma point was assumed. With the error value

and assumed sigma, the concentration ratio and peak flux could be de-

termined.

All data submitted and interpreted was combined into

a single curve Figure IV-A-5-2 which identifies the relationship be-

tween diameter and concentration ratio. Also shown is the error and

specific weight associated with each mirror type.

Throughout this report, the type mirror used is in-

cluded in the definition of the system. The mirror type is a critical

factor in estimating total system weight.

Figures IV-A-5-4, IV-A-5-5 and IV-A-5-6 show the effect

that the energy-transfer tube has on mirror weight. Tabulated on the

next page are the system weights and maximum achievable thrusts that

result from applying the data from the estimate of the state-of-the-art.
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(SHPS Using Optical Transfer Tube)

Concentr_or

Type

Solid and

Petal

_at_le

Max Allowable

Diameter

60 feet

60 feet

200 feet

200 feet

CRO

27000

16250

5ooo

16250

Max Thrust

Attainable

iO Ibs

7 ibs

20 ibs

95 lbs

Total System

Specific Weight

15o lb/ib*
184 Ib/ib

301 Ib/ib

83.5 lb/Ib

I

I
I

I

I

I

I
I

I
I

* Ib of system per ib of thrust

(SHPS Using Swiveling Hot Gas Tube)

Con_=ntrator

Solid and

Petal

Inflatable

Max Alluwable

Diameter

60 feet
60 feet

200 feet

200 feet

CRO

27000

16250

5ooo

1625o

Nax Thrust

Attainable

9 ibs

7 Ibs

20 ibs

85 ibs

Total System

Specific Weight

311 ib/ib

117 ib/ib
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6. Absorber Performance

a. Assumed Power Distribution and its Availability

Of the three absorber types, flatplate, hemisphere,

and cavity, that have been used for absorbing solar energy, only the cavity

absorber allows temperatures in the 4000°F range to be achieved.

At the outset, in preparing equations for the per-

formance of a cavity absorber, it is necessary to hypothesize what energy

distribution will occur at the mouth of the absorber.

Concentrators will approach perfection in the future

but there will always be a small error in surface and contour reflectivity

that must be contended with. Over the surface of the concentrator, the normal

deviations and errors will produce a power flux distribution which in its

simplest form can be written as:

2

' F(r) " Fmax e-(_ >

This distribution is a gaussian function where p is the parameter or con_M_at

_h&t affects the spread of the function F(r ) and corresponds to the st_

deviation of the gausslan function. This energy flux distribution is _ the

focal plane and normal to the optical axis of the concentrator.

This distribution can be sho_ as followsz _

I f

Fma x

dr

cal Point

Focal Plane

_/--0ptlcal Axis
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It is assumed that it is an axisymmetric energy flux distribution. It is

this distribution that is considered the basis for the heat-transfer

analysis* which follows.

The incident energy (Q) impinging on a_ elementary

area dA o£ the focal plane is

dQ = F(r ) dACr )

2

dQ - 2.r Fmaxe-(p) dr

when $ r_
P

the incident energy is dQ - 2_p Fma x $ • .$2 d$

Integrating from r = 0 to any r _ O we arrive at

an expression for the total power delivered to the focal plane.

r $

q- J" dQ - _c 2 _'maxP 2 J" $e _$2 d$

0 0

(1)

(2)

Integrating Equation (i) between _ = o and Y =

Q = ,rrp2 Fmax

which is equal t_the total energy incident_n the main mirror minus re,-

flective losses

Q I m=

* The analytical approach was originally prepared on an Aerojet Research

and Develo_ent Program
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Substituting this into Equation (2)

.,2
Q =Qo (i -e )

Report No. L0774-01-9

The (I •-.2- ) r_resents the fraction of the total solar power available

in the focal plane perpendicular to the focal axis.

• 2,e-,2d_
The total ener_ entering the cavity is Qo .r

o

Considering a blaekbody cavity perfectly insulated with an aperture radius

rb and that circulating about the inside wall of cavity is the coolant

(hydrogen) heated from some initial temperature to the cavity black body

temperature, then the system heat balance is given by

Qo _ 2*e-*2d* = _rb_Tb 4 +_ En(_" h (To) _ (3)

O

The first term represents the total energy entering the cavity. The second

and third terms represent re-radiation and convected energy, respectively.

The performance of a cavity absorber now is defined

as the energy transferred to the following coolant with respect to the energy

incident on the focal plane. This is the efficiency of the absorber

Equation (3) then becomes

r

where *r " "p

The performance can be expressed nondimensionally by tr' _and _a

1 - e'*r2 = *r2 T4 ÷ _. (hb)

Page IV-30

!



i
Report No. LO774-O1-9

I
bo Optimization of Cavity Performance

I

I
For any specified collection efficiency _ it is

desirable to find the aperture ratio r ($r) which gives the maximum value
P

of T4.

I

i

!

Differentiating equation (4) with respect to Sr yield:

e-$r 2 d (_.) _.
25r = $r2 _r ÷ 25r

lettinz d (_)
" 0

d *r

m_ - e".2opt (51

i Substituting this optimum value into Equation (4)

I i - e"_r2 = _r2 e_r2 +

I
I

or _$r 2

(l+_r2) • = i "'_a

as Sr-_O equation (5) reduces to _a _ _r4

(6)

I

I
i
!
Ii

Therefore, as the aperture reduces to (O), the power extraction and maximum

blackbody temperature is specified by the above.

c. Specific Design and Weight Estimate

The optimization procedure presented in the previous
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paragraph states +_hat the quantity of heat Qa = Ha Qo is absorbed and is not

reradiated. This absorbed energy does not necessarily find its way into the

flowing fluid. The initial assumption that the cavity is insulated perfectly

certainly is not valid. However, the radiation from the exterior cavity wall

to space is thought to be small and controllable by proper design of multi-

layer reflective insulation. For the first approximation, the area ratio

between the optimized cavity opening radius and the cavity wall surface must

be selected. Previous investigators (Ref. 2) examined various shapes hemis-

pherical, cylindrical, and conical configurations, and found that area ratios

Ac

A-_ • 20 were capable of reducing the streaming ou_ of the cavity to

an acceptable value.

This ratio, the optimized aperture, and a method of

construction allow a reasonable first approximation of the absorber weight.

Using the optimum aperture and surface to opening

ratio the surface of the absorber is

E-°oA c = ....._ In

The h

natural log of T_ must be minus to allow energy extraction.

The design being considered is shown on Figure IV-A-6-1.

The tube size was approximated by the following

equations which accounts for the radiation losses considering five radiation

shields

d = (136 W)_ at Isp = 800,d = 0.76 (F) "167

where W is the hydrogen flow rate in lb/sec

The specific weight for the construction shown on Figure IV-A-6-1 can

be developed simply as follows:
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L=I ¸

do_

-PtdttL÷_dtsLPsIb

L -i t - constant
S

. Pd

I
Syp - 4000

_iPptR 6tsPsI _,...-_

luterms of thrust the specific weight can be expressed a_

_ - -O.167 8.O6 tsP s
- 168 _Pt (F) +

,s_l_ (F)O'167

The weight of the absorbers

Wa = Ac_

The specific weight (weight per unit area) over a thrust range of i to iOO Ib

Page IV-33
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for systems having a specific iwpulse of 800 sec is plotted on Figure IV-A-6-2.

d. Absorber Weight in Systems

A comparison of absorbers _ich were calculated as

part of the three model systems considered in this report are shown on

Figures IV-A-6-3, IV-A-6-4, IV-A-6-5 at various concentration rat_o_ The

important factors brought to light by this plot are:

(1) The weight difference that exists between the

abserbers used in syBtem using any ef t_e three

transfer tubes is small. The largest variation

is 20 lb.

(2) The concentrator performance does affect the

/T,

absorber weight, _Ja) as shown below.

Optical Energy-Transfer Tube System - 7 lb Thrust

oRo w_ (lb) WT (_b)
i ., ii , , i Jl i , .i

27,000 29.2 7056

21,600 26.55 i137

16,250 49.6 1283

(3) The total weight (WT) of the absorber

is a small portion of the system weight, as is also shown on the table.
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7. Transferring Heated Gas

One concept for transferring energy from the focal

point of a solar concentrator to a remote propulsion nozzle is the

hot-gas tube. The working fluid is heated in an energy receiver at

the focal point and then transferred via a tube to the remote engine.

Important to this system weight analysis is that the analytical descrip-

tion of the tube be in terms of equations suitable for application to

the computational flow diagram given in section IV-A-4,

Equations describing the hot-gas tube weight and

major losses are developed and then optimized for maximum transfer

efficiency.

hexit

_t hexit + hL

The typical configuration of such a tube is shown on Figure IV-A-7-1.

The optimization processes developed, maximizes

efficiency for a given hot-gas tube configuration and does not consider

the rest of the solar propulsion system. As the final step in the

analysis, the developed equations are inserted into the master program

involving all the system components. The type of equations developed

are suited to this type of analysis.

The major losmeS in this energy-transfer device are

the radiation of energy and theenergy lost due to friction between the

fluid and containing tube walls. Equations developed for incompressible

flow show that valid engineering results exist when V/_ <. 3. These

equations were applied to a hydrogen engine with an assumed thrust of

30 Ib an:l s of 800 sec and the results indicate that the simplifying
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assumptions made in the analysis are justifiable. However, when applied

to other configurations, care must be taken to ensure that these assump-

tions are not violated.

The optimization of the hot-gas tube energy-transfer

device yields many interesting results. The increase in system efficiency

with increasing weight is shown by Figure IV-A-7-2 for an engine with

a thrust of 30 Ib, specific impulse of 800 seconds and a hot-gas tube

length of 50 feet. The curve, Figure IV-A-7-2,indicates that a system

weighing 320 Ib has a component efficiency of 90 percent. It shouldbe

noted that the results derived by use of this report are conservative

and that a detailed design analysis should result in an improved system.

The optimum diameter for the 30 Ib thrust case for

various configurations used in the construction of reference unit is

always greater than three inches (Figure IV-A-7-3). By studying

Figures (IV-A-7-4), and (IV-A-7-5), it is seen that the friction factor

--2

is approximately i0 , an assumption made in the computations.

Examination of Figure IV-_-7-4 yields a very important result. The

ratio V/V*<<. 1 which means that the assumption of incompressible flow

is accurate for the case studied. The changes in system weight intro-

duced by moving the shields to a 5.100 rather than 5.000 diameter is

negligible. The error is less than 2 per cent.

Thus, it can be said that the assumptions made in

this analysis are Justifiable engineering assumptions for the case stud-

ied. The analytical expressions which can be used in systems analysis

work appear in the following section as Equations (2), (7), (II), (14),

a_ (15).
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a. _nalysis-Hot-Gas Tube and Derivation of Equations

The assu_ed configuration is a central transfer

tube surro_ded by radiation heat shields (Figs IV-A-7-1) to minimize

heat loss. The analysis assumes that exit conditions, pressure, tempera-

ture, and flow rate are specified (flow rate may be determined from the

engine thrust and specific impulse) and are a function of desired solar

engine performance. No consideration is given to the recovery of ther-

mal losses by use of regeneratively cooled passages.

(I) Losses

The losses due to friction between the

hydrogen and tube walls can be determined by assuming incompressible

flow (V/V*<.3) and a friction coefficient, f. It can be shown that

I

:PLoss

Frict

where

AP -

W =

p f

F M

PLoss

Frict

@

_w - _ _ (1)
P P

pressure drop in hot-gas tube

mass flow rate of the fluid

density of fluid - assumed constant along tube length

and equal to the density at exit

thrust of solar engine

specific impulse of solar engine

power loss - friction

However, for incompressible flow, Fanning, s equation is

| Ap - ._pr _
(2)

I
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where

L

D

V

g

:f

length of tube

diameter of, tube

velocity of fluid in tube

gravitationml constant

friction coefficient

Substituting (2_) in (I).

PLoss =

Frict
2g D

but v - _ - w = (_/Is)

_.dsubstltuti_into(3)yields

(3)

FLoss " 32 f _L

Frict _2g is3P_

(_)

The loss due to thermal radiation 5o space

O°R is given by

FLoss -

Rad. m

E
m

(5)

assuming a uniform temperature along the tube axis.
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I Where . -8

o S_efan - BOltzmann Const 0.1713 x IO Btu ,a

| -_
Em Effective emissiTity

I PLoss Power loss by radiation

I Consider that _he hot-gas _ransfer tube

is wrapped with N layers of 0.001 inch foil separated by a gap of like

I thickness. Two possible o_nfigurations are shown in Figure IV-A=7 I.
_

t " (E) appears more feasible than (B). In

both oases the heat conduction i_ a longitudinal and spiral direction

should be small with respect to radiation heat transfer. Detailed cal-

l culations are necessary to determine the relative magnitudes of this

lose. The derivations of the steads-state and radiation heat-transfer

I equation is as follows:

I "
o N -I\ /

I

I
where

and substitutinginto (5)

N = no. of radiation heat shields

¢ • total normal emissivity of heat shield

I PLoss" _DT,_4 (6)

I Sunning the two major losses

I PLoss

| (z)

tl
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When Re <2000

f = 16

Re

and when 4 x 103- < Re < 20 x 106

4 x 10 -2

f - o.16
R
e

For turbulent flow, 4 x 103 < Re < 20 x 103 , Equation (7) becomes

0.16 aw D LT 4 .

PL°ss - i'02 F2"84 Lb I + N _)+
1.84p2 D 4.84 2.84 i

g_ s _ r N

o N=I

(8)

Note: This equation is subject to the following limits:

4 x 103 < Re < 20 x 106

However, for systems work and most engineer-

ing analysis, f can be considered a constant. The selection of f = 10 -2

(Figure IV-A-7-4), results in a conservative value. Also, this may be

realistic when pipe aging (the increase of the friction coefficient for

a smooth pipe with time) is taken into account. Therefore use will be

made of Equation (7) in this analysis, where:

f = constant = i0 x 10 -3

(2) Weight

The weight of a hot-gas tube, including

heat shielding, is easily shown to be a function of pressure, material

yield stress, and density. The thickness is simply t : PD
2Syp
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However, it is expeOted that solar hydrogen engine will be able to

utilize the increased solar insolance as the vehicle moves toward the

s-n. One method of accomplishing this is to allow fluid pressure to

increase as the astronomical distance decreases. Therefore:

a u )2Pzmx "P ( aumi n

_here P is initial pressure at the start of the mission and Syp is

yieldpoint stress the necessary wall _thickness becomes

_. PD au )22 S_ ( a u mln

The weight of the tube is simply

' C JWT "" DtTL PT " PT V D2P L a u 2
2Syp aumin

I

I

I

I

I

PT " density of tube material.

of the heat shields can be expressed s_ly as

where

N I

ts "

PS "

number of radiation heat shields

thickness of shields

density of shield material

(9)

The weight

when they are all considered to be at diameter D. This is a valid

assumption for large diameters and a small nmaber of shields. The rela-

tive weight of the shield with respect to the tube weight is shown in

Figure IV-_-7-7. The t_al hot-gas tube weight is then

I _. [.: _1_Wtota I " WT * _s l _r _ a u m

!
+ N _ D tsL Ps
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In minimizing the thermal and friction

losses for a hot-gas tube with respect to diameter so that the weight

of the tube can be established, the following analysis id performed.

For a specified engine, tube length, exit conditions, and a given

number of heat shields, it cmabe seen in Eqmation (7) that the power

loss is a function of tube diameter only. To find the minimmm tube

diameter, the partial differential of Equation (12) is set equal to

zero.

Equation (7) can be written:

N_I'¢N II

" /_" _T4 1I where A I_ + N 1,2 '-1) .

I \ N1

I
I

I

I

and Equation (11)

Total - pTa LD
( an , ) Nts

_s_ auxin +

D-5

(_)

i,
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i where DP (:uMi n )2 .>d

i _ sy

I and -.'here PT " Pe

i d is a specified minimum acceptable tube wall thickness

(4) Effectiveness of Radiation Shields

!
To reduce radiation heat losses radiation

I shields are olden used. The heat radiated from a_ eXpoSed sur_acb to
O°E space is

I Qo " _ A To4

! !¢o

I When parallel heat shields are placed between the object and space,
assuming large surface areas and no conduction between layers, the heat

i radiated is reduced and may be e_pressed by

Qo":A_o4

i N.IN

This equation, can be developed as follows_

I
-Radiation Heat Flow

l T "
0 /1/1/1/H/1//////////////////
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Step 1 _. QO-I _ " _-i 1

+ - -i
co e1!

a A (rl_ T24)

I Step 2 s _-2 '_: = i"I

_i + T2"I

I
i

S_p 3 : .Q2-3_ -
aA (T24 - T34 )

1 1
;2 + _3 "I

A T34

Step_ , _Q3 " 1

NFD

!
I

where _ =

_S
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(13)

I

I
I

I

I
I

with respect to D

To minimize the losses from the system

-_ -_-0

D6 "_

_opt" (14)

Substitution of D, as determined by Equation (14), into (12) and (13)

will yield the minimum power loss and the associated hot-gas t_be weigh%

respectivel_. Figure IV-A-7-3 shows how the optimum diameter varies with

I Page IV-44
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the number of shields for a specific case. The ratio of friction losses

to pressure losses is shown for the same specific case on Figure I_-A-7-8.

The ratio is constant, independent of the number of shields.

i
I

l

It is now desirable to define an efficiency

factor which is a measure of the effectiveness of the energy transfer de-

vice. The selected factor is

hexit

- he_it + hZ' (15)

!

!

where hex is the fluid enthalpy at the exit of the hot-gas tube, Bta

hLosses is the equivalent loss, in enthalpy, due to radiation and friction

losses, Btu

! Assuming no end losses, no conduction between plates and steady state

t Qo ' i = Q1 - 2 = Q2 - 3 = Q3 = Q

I

!

Solving Step I for TI4

Q (_I+ l-l) ÷
TI4 "_A ¢o _I T°4

,,I

I
I
I

Substituting into Step 2 E_ I I)_
T24 Q i i . I) + (I I 4_." " _ ÷ '2 ¢l÷ '-2" ÷ T°-

Page _v-_5
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Combining with Step 4

_T 4
O

Q mI
I

I
I

I +2 +2 +23i m

¢o el ¢2 ¢3

_d generaliz_ for N shields

_T 4
O

Q -

@

M-1

I (5) Sample Evaluation

!

I
!
t
I

A sample calculation illustrates the use

of the relationships developed in the preceding sections. For these

calculations a solar hydrogen propulsion device with a thrust of 30 Ib

and Is of 800 sec will be located a radial distance of 50 feet from

the focal point of the solar concentrator. The emissivity of the heat

shields will be assumed independent of temperature and equal to 0.26

(a conservative value based on the emissivity of tantalum at 4000°F).

The exit pressure from the hot-gas energy-transfer tube was chosen as

1.47 psi and the ratio al____ set at 6.2 (representative of a near

mercury mission).

I

I

I

Tantalum was chosen as the pipe and shield

material. Savings in heat-shield weight can be made by a transition to

a lighter material when the temperatures permit. An average density of

Page Iv-46
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600 lb/ft 3 was used in the computer program but, in t his evaluation, the

density of tantalum is used throughout.

Assm_e a configuration with 18 heat shields.

The optimum diameter, where losses are minimized, is given by Equation (14).

Computation yields a diameter equal to 0.603 feet and substitution into

Equation (12) yields a total power loss of 970 Btu which is equivalent

to 2610 Btu Of flow (_ - F - 3.75 x lO'21b )
se-'_

-T8 T sec
s

The ratio of PLoss to PLoss is obtained

Rad Frict

by taking the ratio of the two terms in Equation (12) and for this case

it is 5.05. The transfer efficiency can be computed by substituting

hloss = 2610 Btu into

_t I 15.7 x 103 = 0.86
15_7 x 103 + h

loss

where 15.7 x 103 Btu is the enthalpy of hydrogen at 4000°R and pressure

of 1.47 psioand -_ the enthalpyat 0.147 psi is 14.0 x lO3 Btu

By substituting the optimum value of D

into Equation (13), a system weight of 186 Ib is computed. The ratio

of shield weight to tube weight is 2.45 based on a shield thickness of

I x 10 -3 inches.

This type of calculation was made for

various numbers of heat shields. The results are tabulated in Table IV-3.

A number of interesting plots can be generated using this data.
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TABLE IV-3 (cont.)

RESULTS OF CALCLV_ATIONS FOR VARIOUS NUMHERS OF HEAT SHIELDS

BASIC CONSTANTS

0.1713 x lO'8Btu

ft - hr-°R_

- 5o ft

- 4ooo%

= 0.26

- iOxlO "3

" 3O Ib

mm 800 sec

6.85x 10"Slb

ft

- 6.2

F 3L32f (ys) -o173 Bt_
' sec

gp2n2
H2

186

= 13.6

ft5
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Figure IV-A-7-4 is a plot of the friction

coefficient vs the Reynolds number. It is based upon the two relations.

f = 16 <Re <2000

Re

f " 4 x 10-2

.16
Re

4 x 103 -<Re <20 x 106

!
i

For the weight of the engine studied,

3.75 x 10-2 ib, the Re number can be expressed as a function of diaamter.
sec

Re = __DVP• 4 F i

,_ • _I s D

.25 5o0
D

where D is in inches. Figure IV-A-7-5 is

a plot of this and canbe used to obtain the Reynolds number then when

the diameter is specified. Figure IV-4-7-6 is a plot of the ratio V/V_

vs tube diameter for the specified configuration. In %he range of opti-

mmu diameters, V/V* < < 0.I, so that the assumption of incompressible

flow is validated.

!
!

I

!
I

!

The maximum obtainable transfer efficiency

can be plotted against the number of heat shields. It can be seen

(Figure IV-A-7-9), that the hot-gas energy-transfer tube efficiency is

greater than 90 percent when there are at least 30 heat shields. How-

ever, a very important plot, from the systems viewpoint is illustrated

by Figure IV-A_7-2. For a chosen weight of the energy-transfer device,

an efficiency can be selected. This is the _Aximum obtainable efficiency

for a given configuration.
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There is a minimum permissible wall thick-

ness from practical considerations for the hot-gas tube. For an optimized

system, as studied, the wall thicknessj tT, is greater than 4 x 10-3

inches. This minimum value is reasonable in the 3-inch diameter range.

However, detailed structural analysis of the tube in conjunction with

launch loadings may indicate otherwise.

(6) Optimum Number of Radiation Shields From

a System Standpoint

The criterion for determining the optimum

number of radiations shields is minimum system weight.

Since the computer program allowed easy

calculation of system nights and, in fact, applied a series of success-

ive approximations to match tube length to mirror radius, the most direct

way to evaluate the effect of the number of shields was to compute sys-

tem weight considering 30, 40, and 50 shields. The resultant system

weight at 2 Ib of thrust are shown on Figure IV-A-7-10 for the two sys-

tems using hot-gas tubes. This curve shows that the optimum number of

shields exists somewhere below 30 shields. All calculations concerning

the hot-gas tube presented in this report have 50 shields on the tube.

To not penalize unduly the hot-gas transfer.tube, a reduction in specific

Weight of 3.5 Ib/Ib of thrust would be Justifiable.

This reduction in weight does not represent

the weight reductions due to the removal of 20 layers of radiations

shields alone but includes the weight additions due to a larger mirror

and absorber, which is required to overcome losses.
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Secondly, at the two pound thrust, the

swiveling system is charged with a severeleakage penalty and is not com-

petitive weight-wise with the deflecting systems.

m

I
I

The tube efficiency _ is nearly at its

maximum at 90% as is shown on Figure IV-A-7-9. Also, just below 20

shields the efficiency drops off rapidly. It would, therefore, appear

that the optimum number of shields would be near 20 although data points

were not taken at that point.

The percentage of the concentrator obscured

by the pipe is very small, as is shown on Figure IV-A-7-12

% obscuration =_

!i whor°Oop+isd°f °d +
m

x I00

and can be shown independent of length. The optimum diameter is, however,

dependent on the number of shields (see Figure IV-A-7-11) Over a broad

range of thrust the optimum diameter remains relatively small, varying

from i to 5 inches.

i To evaluate the % obsc_ration relative to

thrust the following relationship was used.

+, 21.6_-P--
m
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b. Prediction of System Losses Due to a Seal

When considering transferring energy by means

of a hot-gas tube, it is necessary to provide a component in the sys-

tem that allows relative motion between the nozzle and the concentra-

tor. Such a component is a swivel, a rotary joint, the addition of

which allows practical missions to be accomplished.

Perhaps the most conservative approach to evalu-

ate the effect of a swivel in such a tube is to consider a labyrinth

sealed rotary joint which is known to have higher losses than other de-

vices. This selection seems conservative because more efficient energy

transfer systems are possible if certain limitations are acceptable.

For example, if a partial degree of freedom is acceptable such as that

achieved with a gimballed nozzle or a twisting hot-gas tube then higher

efficiencies are possible, at least in the regime where leakage flow is

a high percentage of total flow.

It should be noted that a hot-gas tube is a suit-

able coupling device between the absorber and the nozzle and that the

major system penalties incurred by it are radiated energy loss, leakage

of propellant, and weight. Assuming the tubing is leak tight, then the

only leakage loss is at the swivel. A conceptual design of a swivel

using a labyrinth to seal the rotor# joint is shown on Figure IV-A-7-13

and a discussion of its losses are as follows.

In general, the length of such a labyrinth is

unimportant to a SHPS; however, it should be noted that little is known

about extremely long seals where the pressure in the last throttling

passage is so low that the mean free path of the molecules approach one

of the cavity dimensions. Therefore, to attack the problem a labyrinth
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was selected, as defined numerically on Figure IV-A-7-14 which has a

large sealing clearance consistantwithout roundness and distrotion ex-

pected in a tube of the lengths shown.

The following equation (originally used by A.Egli,

of Westinghouse, to estimate the steam lost through a labyrinth) was

used:

I + -°o+_+o+o_%_+_o

Where 0c is a flow coefficient that is associated with percentage of

kinetic energy carried through each throttling; $ is a flow function

dependent'c_.the pressure ratio across each seal edge and upon the
8

nmmber of seals; _ is a carry over function and depends on the _ ratio.

8 is the clearance and S is the spacing. The other termsz

A - entrance area
0

Po " pressure at first seal edge

To = temperature at first seal edge

g = acceleration of gravity

I
R - universal gas content

W - weight flow through the seal

I
I
I
I

Assmming that the pressure losses from_he

swivels to the nozzie chamber are small, then the entrance pressures

and temperatures to %he Seal are equal to those of the hydrogen ahead

of the nozzle. The 800 second specific impulse (design point) identifies

Page IV-54



!

!

!

|

!

!

!

i!

!

!

!

Report No. L0774-01-9

a range of acceptable pressure as is shown on Figure IV-A-2-2. For

purposes of this evaluation, equilibrium flow, chamber temperatures

and pressures TO Po' were selected from those shown.

The tabulation below identifies specific values. In addition, two

seal tip clearances (8) were selected at 0.030 and 0.020 inches. The

results of this computation are shown on Figure IV-A-7-14. It can be

shown that once the state conditions, clearances are selected,

D is the pipe diameter in inches.

KI is a combined numerical constant.

The following is a tabulation of constants:

Pc To 8 KI

Ib/in2 °R inches

1.46 3910 0.020

0.73 3825 0.020

0.146 3610 0.020

Ib

sec

2.O1 x 10-4

1.0 xlO "4

2.o8 x lO"5

1.46 3910 0.030 2.98 x 10-4

0.73 3825 0.030 1.52 x 10 -4

o.146 361o 0.030 o.31OxlO "4

Included on Figure IV-A-7-14 is the ratio of

the leakage to the weight of propellant required for various thrust

levels. The method selected to compensate for this leakage loss, such

as increasing the nozzle chamber temperature by an equivalent amount;

for example, a 5% increase in specific impulse will compensate for a

5% loss of propellant.
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c. Tube Deflection Systems

Since the competitive status of solar-hydrogen

propulsion was not clearly defined until the later part of the program,

it was considered prudent to consider alternate methods of rotating one

end of the hot-gas tube relative to the other without incurring leakage

losses. Such a system having a limited rotary motion can be achi@ved

by twisting the hot-gas tube as shown on Figure IV-A-12-6.

The feasibility of this means of obtaining a

single degree of freedom is dependent on material stress, strain, and

fatique limits. For refractory metals these factors are not com-

pletely understood. The penalties associated with this concept are

weight because two separate hot-gas tubes are required. Thermally, it

is more efficient than the swiveling system because no increase gas

temperature is required to overcome leakage losses as is the case in the

swivel system.

Since the losses associated with a hot-gas tube

are a function of length, it seems that the configuration selected should

be one in which the total length of tubeis minimized.

Considering the fact further, the best position

for the nozzle is to be positioned near the rim of the concentrator to

avoid impingement of the nozzle gasses.

It should be noted that the two parallel tubes

when joined at one end to the same foundation and twisted at the other

end form a closed stress loop. No load is applied to the associated

structural members.
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8. Optical Energy-Transfer Devices

The simplest configuration of a solar-heated hydrogen propulsion

system (a rocket nozzle and absorber at the focal point) can perform heliocentric

transfer. However, this configuration does not provide the necessary degrees of

freedom of thrust-vector pointing required to perform a complex mission. By

adding a means of transferring solar energy from the focal point to the rim,

thrust vector directions both fore and aft of the face of the mirror can be

attained and the mission capability thereby expanded. Another way to do this

Job is optically - by means of specially contoured reflecting surfaces.

Several methods of optically transferring the energy from the

focal point of a parabolic concentrator are: Figure IV-A-8-1 shows a cassegrainian-

condensing cone energy device; Figure IV-A-8-2 shows a parabolic mirror with a

gregorian secondary reflector.

Each method requires the concentrated rays to be reflected an

additional number of times before they enter the absorber. A detailed discussion

of the losses incurred by multiple reflections follows in later paragraphs.

In addition to the optical energy-transfer methods mentioned

above, the optical tube surface shown on Figure IV-A-I-5 offers advantages as

a solar energy transfer tube. Its advantage is the ability to refocus the in-

coming energy to a second, arbitrarily placed_ focal point.

The optical transfer devices performance factors that affect

system weight are the re-radiating area, shadow area, weight of the tube, losses

due to multiple reflection, and changes in peak flux at the second focal point.

Optical transfer-tube system, considering these factors, compared favorably to

hot-gas transfer tubes as shown on Figures IV-A-8-10 through 12.

The greatest advantage in favor of the optical device, assuming

accurate positioning of structural members, is that a split can occur in a plane

perpendicular to the axis of revolution with only a negligible loss in performance.

Under these conditions it is then possible to revolve one end of the tube with

respect to the other. Motions equal to those of a swivel in a hot-gas-tube

system can be achieved.
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a. Basic Reflectance Data and Reflectance Improvement

The reflectance of materials has been measured many

times; however, a recent and comprehensive source (Ref, 3+) that contained data

for 126 different materials was used as a basic reference.

Figures IV-A-8-3 through 5 are excerpts from this report

and show the reflectance characteristics of nine grades of aluminum.

Of the nine aluminum surfaces, the front surface reflec-

tion from vapor deposited aluminum on mylar shows the highest reflectance value
o

in the range of 3000 to 8000 ° A and it is this wavelength range that contains

the most solar energy.

By using aluminumized mylar for the analysis, the highest

optical efficiency, for normal incident light, is established. Keeping in mind

that there are certain areas where the use of mylar will be impractical because

of its low thermal limit. However, for purposes of examining the gross effici-

ency of several systems, this choice seemed appropriate.

Reflectance improvement through the use of molecular

coats should not be overlooked. Such coats improve reflectance in a specific

wavelength bands to values as high as 98% to 99%; however, the band is limited

to an octave (k final = 2Xinitial) and lowered reflectance values should be

expected at all other wavelengths.

For those optical devices where six or more reflections

are required, reflectance improvements in a specific band may show improvements

in overall efficiency over uncoated systems. For example, the reduction in

energy after six reflections transferred by untreated vapor deposited aluminum

on mylar would be &8% whereas the reduction using coating in the 0.37 _ to

O.7A _ band neglecting all other _s, is _ 53%. The losses are nearly the same

although the reflectance improvement material is active over a narrow range.

A greater number of reflections (greater than 6) would definitely show the

value of reflectance improvements.

For the energy transfer devices used in SHPS, the effici-

encies attendant to six reflections would not be acceptable. Therefore, a

detailed consideration of reflectance is not useful.
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b. Multiple Reflections

Reflectance is not constant for all wavelengths but a

function of _; solar irradiance is also a function of _. Both functions are

complex, as is shown on Figure IV-A-8-3 and -6, and only an approximation of

the curve can be made. Because of this, it was thought best to perform to

integrate numerically. The percent of energy reflected after n reflections is:

J' \(d_)nl d_
= x lO0 (16)

% Er ' X2 .d_

xl^

1

IX = f(x) = Irradiance

D_ = f(x) = Reflectance (the fraction of intensity reflected per X)

X1 = 0.3 microns

;_ = h.O microns

n = 1,2,3,h,6,8,12

= wave length

The distribution of the spectural energy intensity after

each reflection, is shown in Figure IV-A-8-6. Table IV-h presents the same data

in numerical form.

The results of the numerical integration of Equation (16)

is shown in Figure IV-A-8-7. When considering multiple reflections from vapor

deposited aluminum on a mylar surface, the angle of incidence will have effect

on the reflectance from surface. All data shown is for normal incidence.

There is an angle of incidence where the reflectance is the lowest. This angle

is known as the principal angle of incidence. The angle is somewhere between

hO and 70 °.

The effect of the reflectance variation can be accounted

for by a random statistical examination of a large sample of rays that enter the

optical transfer tube.
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Such a complete analysis could not be performed

during the course of this contract. However, an estimate of the situa-

tion was made°

If the angles of incidence that accompany the

second reflection along an optical surface are at low angles, then the

surface will show improvement over the case where most of the rays are

normal to the surface. Such improvement should be expected as more de-

tail work is performed on optical transfer devices.

c. Model Optical Transfer Device

There are two performance factors which are im-

portant in the selection of an optical device, both involve changes that

occur in the flux distribution at the exit of the transfer tube as shown

on Figure IV-A-4-1. The peak flux is reduced when energy is absorbed

from the ideal central rays, and the area under the curve (total energy)

is red_ced by the integrated effect of absorption applied to all rays

intercepted by the main mirror. Considering these factors the Cassegrainian-

Condensing Cone Energy-Transfer System, Figure IV-A-8-1, and the opposed

paraboloids of the Gregorian System, Figure IV-A-8-2, are destined to give

poor performance.

In the Cassegrainian System the minimum number of

reflections that occur to an ideal ray is 3, with the average being about

4 and depending on the cone angle selected. This number of reflections

reduces efficiency, based on normal incidence data, Figure IV-A-8-7, to 62_.

The Gregorian System, in addition to spreading

light over a larger image area as shown requires at least 2 additional

reflections for the transfer, whereas an optical tube surface will trans-

fer the energy with as few as 1.3 reflections, Figure IV-A-8-8. The open-

ing ratio defines ellipticity. The transfer tube is slender when the open-

ing ratio is small, and consequently the light must be reflected many times

as it traverses the tube.

On the basis of the reduced number of reflections,

obtainable by using an optical energy transfer tube, it was selected as the

model.
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in the cone of light traversing the optical tube terminate at the second focus,

they contribute to the peak flux. Absorption of their energy effects Fma x

directly, Kop t is defined as the reduction Fma x due to this factor. The average

number of reflections establishes the reflective losses over the entire spectral

range and the term Nc x Nca defines this factor. The following table provides

a comparison of solid or petal concentrator systems considering in one case the

losses due to normal incidence, as defined by Figure IV-A-8-7, and the second

case where losses are reduced, as might be expected, by a normal distribution

of incidence angles.

Thrust
Level

2

2

i0

i0

,i i

D
o

1.6

1

1.6

1

85

88

85

88

_C X _C_

?6

82

76

82

Kopt

89

93

S9

93
I

I I

Angle of
System Incidence
Weight

3/+5.8

303.7

171_. 57

150/+.7

(assumed)
iii

normal

distributed

normal

distributed

!

!

Throughout all of the performance calculations presented

in this report the optical tube performance is based on the constants shown

above for distributed angles of incidence. Other performance terms such as %

obscuration and tube weight were determined as follows. The tube weight is the

(Ib_) The
product of the surface area of the optical tube and specific weight i.t2 o

equation for the surface area in terms of tKe imajor (a)and minor (b) axis is:

b Dc°ll 1
Wopt = 2_ Pot + --/+a2arcSin(-F£-)

Dcoll

I The equations for the terms (a) and (b) are:

sin_ (_)
a = , ins +

sin e sin (90"- _ - e

b = [a2 - (_c_]_)2]I/2/+Sin e

The material of construction is aluminum and the selected

specific weight is .129 lb/ft 2, which is equivalent to a .0125 inch thick sheet.
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The % obscuration is equal to

_ab

D---_ x iO0.
m

The % obscuration for various opening ratio is shown on

e. Comparison of Transfer Tube Systems

A comparison of the three transfer tubes used in combina-

tion with a solid or petal mirror with CRO's of 27000, 21800 and 16250, are shown

on Figures IV-A-8-9, through ii.

The optical tube has the lowest weight with respect to

other transfer systems. Previous curves have shown that the full system using

the optical tube is lowest in total weight.
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9. SHPS Pro_ellant Container

In calculating the weight of the propellant container,

the following assu_ions were made:

(z) The expellant in the tankage is liquid hydrogen

and a density of 4.3 ib/ft 3 is used. Four

different pressure levels of five, twenty, fifty,

and eighty ib/in 2 were assumed to cover the

range of interest.

(2) The hydrogen container is a spherical tank and

constructed of aluminum. The aluminum had an

allowable stress at its operating temperature of

75,000 ib/in 2 and a density of 0.iO ib/in 3.

(3) A safety factor of 1.05 is assumed on the yield

factor of the tank walls. The tankage weight

also has a 1.O6 factor added to account for the

increased wall thickness in the vicinity of the

weld. These increased weld lands are necessary

because of the decrease in strength of the

parent material in the weld area. The tank wall

thicknesses calculated for the range of propellant

weights did not exceed the state-of-the-art fab-

rication restriction for weld thicknesses. No

ullage volume was included in the tank sizing.

(4) The tankage weights calculated in this study do

not include boost and vehicle structural loading

weights since these are influenced considerably
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by the overall vehicle configuration. A factor

of 1.25 was included to cover bosses and support

rings, and baffles in the tank.

(5) Two minimnm gage criteria were applied to the

pressure vessel design. A lower limit of 0.010

inch was considered as the thinest gage of alum-

inumwhich was fabricable. Also a minimum gage

dependent of the tank size and defined by the

equation,

tmin = (0.00022) RT - 0.0037

= radius of tank

whichever of these two minimum gages was greater

was used as the limiting minimumgage for each

of the various designs. This minimum gage varied

with propellant weight and had to be calculated

for each case.

The weights included in the total propellant container

are discussed below.

Insulation was required to prevent excessive boil-off

of the liquid hydrogen. The comparative performance of foam, evacuated

powders, and multilayered radiation shield type insulations is shown in

Figure IV-A-9-4. The apparent thermal conductivity times density indicates

the relative thermal efficiency of the different types of insulation.

Of the multilayered radiation shield insulation, which is apparently

most efficient of the three considered, two types of products are avail-

able.
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One type 18 Llnde Super Insulation and the other is

NRC-2. The latter type was used on our tankage because of superior pro-

perties and AeroJet experimental verification of these properties. The

thickness of the insulation required was calculated by comparing each

vehicle with a standard configuration provided by the thermo-pbysic

section. It was assumed that the insulation was directly proportioned

to the ratio of the surface area of the vehicle under consideration to

the reference vehicle. Also, the insulation is directly proportioned to

the ratio of storage times and theratlo of the allowable percentage

boil-off. This resulted in the following equation

tlnsl - A8 R x T_2 x _ x tinsR

TR

TI

AS R

ASI

tlnsR

= i year

: 1 year (assumed maximum)

: 55,000 in2 : (surface area of reference system)

2

(in2)

: 2.1 in (reference system insulation thickness)

Simplifying this resulted in an insulation weight as

a function of propellant volume of,

4

Win s : (83.6 x lO-5)(Wp) _

The meteor protection was assumed to be two layers of

teflon each 0.002 inch thick separated by 1.0 inch. This would provide
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a "meteor bumper" type protection, but because of the uncertainties

involved in calculating meteor protection, this one design was not varied

as the surface area and exposure time varied. This form of protection

resulted in the equation for the meteor protection being,

2

w_ = (8.2_x lO-2)(w)_

The pressure vessel weight was calculated for a

spherical tank as a fUnction of tank pressure and expellant weight.

The component of total tankage weight which is influ-

enced by minimum gage requirements is the pressure vessel skin thickness.

The equation for pressure vessel weight is given by,

Wpv -- (o.oo_o83)P_wp

Gage variation due to manufacturing tolerances was

assumed to be 0.00_ inch and when included in the calculation resulted

in this relationship with propellant weight,

2

%v - (o.o_2wp)_

The acceleration head in the tank was determined by

assuming a 6 g acceleration and finding the equivalent tankage pressure

increase. The increased total weight resulting from the acceleration

head is

4

w I (0._l_)w

The different compqnents when totaled will yield the total expellant

container weight.
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w_ =w1_8 +w_ +W,v+WGv+w_

or written in terms of propellant weight and tank pressure

2

WT = (0.0757) Wp 3 + (0.001083) Wp PT + (0.0063) Wp

4

Figure IV-A-9-2 shows the results of calculating the component weights

for a range of propellant weights from 400 to i00,000 lb. The weight

of the meteor protection and gage variation were combined into one curve.

Four different tank pressures of 5, 20, 50, and 80 ib/in 2 were checked.

The three lowest pressures resulted in the single lower weight curve

because minimum gage requirements dictate tank skin thickness. The 80

ib/in 2 tank pressure resulted in the heavier tank weight because pres-

sure loads dictated thicker tank walls than minimum gage requirements.

The insulation, acceleration head, meteor protection

and gage variation weights were independent of tank pressure.

Figure IV-A-9-3 presents the total tank weight when

all the components for the four pressure levels are summed.

Because minimum gage requirements were so important in

the calculation of system weights, Figure IV-A-9-1 was prepared. The

curve described by the equation

i

P

and shown in Figure IV-A-9-1 defines the tank pressure below which tank

pressure may not be lowered with a continued decrease in tankage weight.

Below this pressure further decreases cannot result in decreased tank wall

thickness because of mini_ gage requirements. Some weight savings may

actually result because of a decrease in pressurization system weight, but

this consideration was not included in this study.
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Interstage a_d Concentrator Support Structures

a. Analysis of Interstage Structure Weight for SHFS

This analysis was performed to determine the tankage

and structural weights which could be Jettisoned by using a multistage vehicle.

The end result desired was a set of parametric relationships which would

facilitate rapid calculation of performance gains for a large number of

vehicles.

(I) Summary of Results

The curves presented in Figures IV-A-IO-I

through IV-A-IO-4 indicate the weight of the intertank structure as a function

of total vehicle propellant weight for one-, two-, three-, and four-stage

vehicles. The curves shown in Figures IV-A-IO-5 through IV-A-IO-8 display

the comb_ued st_actural and tankage weight jettisoned at each staging event

for one-, two-, three-, and four-stage vehicles. The results of the study

indicate that the intertank structural weight is small compared to the tank

weight.

(2) Discussion

The parametric study of staged weights covered

propellant weights from I000 to I00,000 pounds of propellant. Vehicles of

one, two, three, and four stages were considered, although more stages can be

considered the study was limited to four. It was also assumed that equal

ideal velocity increments were provided by each stage.

The following relationships were defined for

the SHPS vehicle.
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WpL = WT° (1)n_ WD1 (1)n-2.S_ - ....-WDn (4O)

i
I

i

where : WpL - payload weight (ib)

WTo - total vehicle initial weight (Ib)

WDn- n stage jettisonable weight (Ib)

n - stage number

I
I
I

i

i

I
I
!

= ratio of initial to final stage

weight, or

AV
S

m

AVs " ideal velocity increment per stage

(ft/sec)

g = 32.2 ft/sec

I = 800 sec
sp

Because of equal AV's per stage and the stages having equal Isp'S , the

_'s for all stages are equal. For a given total mission AV and number of

stages _ can quickly be determined from the curves on Figure IV-A-IO-9.

Equation (40) then shows the influence on the payload of dropping empty

tankage and structure as propellant is consumed.

The total propellant on board the vehicle

initially is defined by the relationship:
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. _:l [ (i 1 .(wD1Wpo ( _ ) (WTo)_n---T+n---_÷ .....+ i) )

"WD2 (n.--i_+nl--T_+ ''.. +i) " .....'WD(n_I) 3

I I
q_--_÷ _ + ...+l)

(hl)

The above equation shows how total vehicle propellant weight is

influenced by staging inert weight.

Propellant weights for each stage of several

mission vehicles were calculated for tank sizing purposes. The ratio of

propellant weight in a stage compared to the preceding stage was found to

be approximately constant for any vehlcle of a given number of stages.

This ratio is plotted versus number of stages below.

The proportions and general arrangements of the

one, two, three, and four stage vehicles can be seen in Figure IV-A-IO-IO. The

tanks are assumed to be connected byaluminumtruss members. The thrusting

device was assumed to be located at the forward end of the vehicle and

pulling the tankage rather than pushing. It may be necessary to have two

located off the longitudinal axis of the vehicle but parallel to it to

achieve the forward mounted engine effect. This will result in the intertank

structure being loaded onlyin tension, therefore being lighter, and will

also allow the vehicle to accelerate away from the staged tankage without

requiring special separation devices. The vehicle structure was designed to

accommodate a one g acceleration load (tensile) and it was assumed that the

launch loads were taken by a separate structure which was separated before

the SHPS mission was initiated. High g retro-thrust loads, such as those

occurring at the end of an interplanetary mission, do not have to be

considered, since all tanks will have been dropped.
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The results of calculating intertank weight can

be seen in Figures IG-A-IO-I through IV-A-IO-4. Wf is propellant weight,

WT is tank weight_ WS is structural weight and Wois WS + WT or weight

dropped at staging. Wo is plotted in Figures IV-A-IO.5 through IV-A-IO-8

I b. Concentrator Supporting Structure

The loads on the concentrator can be determined

I using the simplified model of concentrator and structure shown below.

I Nozzle _

Structure

S

I T = nozzle thrust (Ib)
Rd = collector radius (ft

Ls = length of structure (ft)

LI = distance from nozzle to structure (ft)I

I
1
i
I
I
I

i

Conce_rator

Assuming that the nozzle is at the focal point of

the collector and that the rim angle of the collector is 70°, then

- 0.?15Rd (ft) (i)

The moment resulting from the engine thrusting at the

focal point and experlen0ed _y the structure was

Ml - (0.?IS)Rd x _ (ft'lb) (21)
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The force exerted on the collector from solar pressure

in the vicinity of mercury was

Fsp = (1.92 x lO'6)Rd 2 (ib) (3)

AIs0_ a load caused by the inertlalloads resulting

fro_the attitude control maneuvers was considered.

as

Fcm =

This force was determined

(3.9 x 10"2_R 3 {4)

=angularacce!eration (rads per sec 2)

The moment resulting from the control system

maneuver, applied at the mirror connecting point, was;

Xcm = (9.74 x 10 "3)Rd4_ (5)

shown below

The simplified load diagram for the structure is

Fsp + %,,

Mz Mcm

maneuver force,

Combining the Solar pressure force and the contr01

the resultant force was

(6)
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Also, combining the two moments applied at the end of

the beam the resultant moment was

The thrust as a function of the projected surface area of

the collector was 3.05 x 10 -3 ib/ft 2 . The angular acceleration was

determined as that required to rotate the system 180 ° in 24 hours from start

to stop. This resulted in angular acceleration of 3.5 x 10 -9 radians per

seccad square. Applying the angular acceleration and the thrust as a

function of concentrator radius to Equation (6);

_R = Rd2[(1._2_ 10"6)* (1.365x 10-10)%] (a)

For Rd less than I000 ft, the second term in the brackets

will be insignificant and the term may be omitted with little effect on the

accuracy of this equation

FR _ Rd2 (1.92x 10-6) lb (9)

When the angular acceleration and thrust equations are

applied to Equation (7), the result is

_ - (_5x_o-_g[_,(o_osx_o-_] (_o_

The second term in the brackets will be ignored for
6

concentrator radii of less than I0 ft. Equation (i0) then can be written

MR , (6.85x 10"3)R2 (ll)
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The two Equations (9) and (II) indicate that the collector

structure to the tankage will be determined by the solar pressure load and

the engine thrusting load. The forces imposed by the motian required to

orient the vehicle were insignificant. Using the loads defined above, weights

were calculated for supporting structures of concentrators iO to IOOO ft radii.

The curve shown in Figure IV-4-11-1 presents the structural

seight as a functian of concentrator radius. The curve of structural weight

shown in Figure IV-A-IO-II can also be described by the equation

Wst = (0.0133) (Rd)2"62
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II. Nozzle Weight

Nozzle weights, a range of thrust levels from 2 ib to 30 ib

thrust was selected for this analysis. These thrust levels represent disk

diameters of 30.2 and 115 ft for a specific case. Chamber pressures of

one-tenth, two-tenth and three-tenth atmospheres were used in calculating

engine performance.

The SHPS was assumed to have a fixed specific impulse of

800 seconds and the other engine performance parsuaeters are varied to achieve

this specific impulse. A ratio of specific heats of 1.38 was used for the

heated hydrogen at 4000°R, and is fairly constant between 3000°Rand 5000°R.

The gas constant for gaseous hydrogen is 773. A chamber temperature of 4100°R

was initially selected and is the basis of information in this section. The

chamber temperature of 3700_ corresponding to a pressure 0.147 Ibs used

for other considerations in the report.

C'was first calculated using the above values of R, Tc, u,

and g = 32.2 ft/sec 2 in Equation a.

a. C* = _ gRT c
_2

otV(e--._l.) m+l_

Next, the thrust coefficient was calculated using Equation b.

b. OF = ISP x g
C*

The throat areas for the different thrust levels were found

by using Equation c.

c. _' - _Po_
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Since the nozzle was operating in the vacuum environment,

an infinite pressure ratio was assumed between the throat and exit plane.

The required area ratio between the exit plane and nozzle throat was found

from the curve (Figure IV-A-II-I) of are_ratio versus ratio of specific heats

for a _ - 1.75, infinite pressure ratio, for gaseous normal hydrogen at

41OO°R. At a ratio of specific heats of 1.38 on area ratio of approximately

90:1 was required.

The surface area of the nozzle was defined by Equation d.

de

A s = A t x

S = 0.80

T = tan 15°

8
X

¢ _'+i/

¢ - area ratio

Table IV-5 was then compiled for different thrust levels,

and chamber pressure and the resultant throat areas, throat radius, exit

areas, exit radius, nozzle length, nozzle surface area, nozzle weight, and

nozzle weight per pound of thrust were entered. The nozzle weights were then

plotted in Figure IV-A-II-2.

The weight of thenozzles was determined by using a weight

per square inch of nozzle surface of 0.022 for the weight factor. This was

constant for all thrust levels and chamber pressure and was determined by

having a tungsten section from the throat to an area ratio of I0 and a
(

titanium extension from the area ratio of IO to the exit plane.

At the i0 to one area ratio the 4100°R gas temperature at

the throat has decreased to about 2OO0°R because of the expansion process.
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For the one-tenth atmosphere chamber pressure nozzle a

weight of 2.7 pounds of nozzle per pound of thrust was calculated. For the

two-tenths atmosphere chamber pressure a weight of 1.4 Ib of nozzle per Ib

of thrust was calculated. A nozzle weight of 0.9 Ib of nozzle per ib of

thrust was calculated for the three-tenths atmosphere chamber pressure.

Page IV-79



I

I
I

I
I

I
I

I
I
I

I
I

I

I
I
I

I

I
I

Report No. L0774-01-9

I00

9o

8O

70

5O

AO

3O

_0

I0
I.

325-GA -0342

1.2 1.3 I._, 1.5

Cp

5.H.P.S. NOZZLE AREA RATIO

V5 _ATIO 01: SPECIFIC HEATS

Pc_oo
g

Pe

Figure IV-A-11-1



I
I
I

I

I
I

I
I

I
I

I
I
I

I
I

I
I

I

Report No. LOTT4-O1-9

4O

EldGl Id£ TI-IRU ST

CLS_)

50

I0

2
ATM-P, T6/_ U- L ATU

--'0//'
_o. a -/--./I.4, I / I

//
/i/
/

0
0 I0 tO 4O @0 80

_IOZZLE WII@NT (LB ¢)

I00

5.H.R5. NOZZLE WEIGI..IT VS
ENGINE TNRUST

_= 1.58

Pc,
M =" C_O

Pe

AREA, RATIO. (:30: I

93S'- CA" 0274

I Figure IV-A-Z1-2



Report No. L0774-01-9

12_ ReliabilitzAnalzsis of Solar jHYdrogen Propulsion

S[stems

a. System Reliability Comparisons

The following brief table is a quick means of

comparison of the reliabilities of the three systems. The tabulation is

based on values for short, medium and long-duration orbital operations as

is shown on Figures IV-A-12-1 through 3. The 5.8% operation time shown is

equivalent to O.021 years burning with 0.36 years coast, which is representa-

tive of the times for the missions of interest.

RELIABILITY SUMMARY - MISSION I

I Month Mission,

5.8% Operation

6 Months Mission,

5.8% Operation

12 Months Mission,

5.8% Operation

System B 99.57% 97.00% 93.23%

System A 99.58% 96.76% 92.77%

System C 99.41% 96.28% 91.38%

!

!

!

!

!

System B (shown in Figure IV-A-12-5) contains an

optical energy-transfer tube, and obtains two degrees of freedom by relative

rotation of the absorber and a portion of the energy transfer tube, and by

gimballing the nozzle + 90 °.

System A (Figure IV-A-12-4) contains a hot-gas transfer

tube and obtains two degrees of freedom with two rotary joints.
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System C (Figure IV-A-12-6) obtains two degrees of

freedom by twisting two hot-gas tubes and deflecting two nozzles through

limited angles. The reliability calculated for these systems is a conserva-

tive estimate for systems that are much less complicated as is the case of

the basic model SHPS used.

Corresponding tabular values are shown in the

following summary table for interplanetary (and out of ecliptic) operations.

These values are somewhat lower than those of orbital operations and there

is insignificant variation between systems because of the nature of the

mission:

RELIABILITY SUMMARY - INTERPLANETARY AND OUT OF ECLIPTIC

OPERATIONS

I Month Mission 6 Months

Burnin_ Times

12 Months

System B 97.41% 84.05% 68.34%

System C 97.30% 83.84% 68.03%

System A 97.30% 83.70% 67.78%

b. Division of Components and Mission-Time Relation-

I

I
I
I

I

ship

The first step in the process of calculation of the

inherent design reliability values is the enumeration of the system components

and their basic, or generic failure rates. This is done in Tables 1 and 2

(Appendix B) in failures per million hours. The system components are also

divided into a main component group, an accessory group and the attitude

control system. This division is made because these groups are operated for

Page IV-81

I



I
I

I
I

I
I

I
i

I
I

I
I
I

i
I

I
iR

Report No. L0774-01-9

different lengths of time during a mission, which is of great importance to

the overall system reliability. The degree of importance is illustrated

by the calculation of the inherent reliability of a system such as A,

Figure IV-A-12-6, where no division of main and accessory component groups

was made and all components were considered to be operative for various

percentages of the mission time, up to 1OO%. Also, the total system failure

rate was increased for this calculation, since no redundant items were

considered, as they were in Systems A, Band C, Missions I, II and III

(discussed later).

The results are plotted in Figure IV-A-12-12

which shows low reliability, especially for the 12 month mission. Tabular

values are shown in the following summary table. These are seen to be much

lower than those values tabulated for orbital operation or interplanetary#

of out of ecliptic operations.

i month mission 6 month mission 12 month mission

System 60% 93.4% 66.6% 44.3%

Operative

System 1OO% 89.2% 50.8% 25.8%

Operative

c. Component Failure Rate Sources and Stress Factors

The third columns of Tables I and 2 (Appendix B) list

the basic, or generic component failure rates. These come from the sources

listed in Table 3 (Appendix B). These sources provide failure rate data at

stress levels from generic laboratory level to aircraft flight stress levels.
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The probability of a component failing is dependent

upon the stress imposed on the component, i.e., it is more likely to fail

during vehicle operation than Under laboratory conditions. For this

reason, environmental stress factors are applied to the basic component

failure rates, in Tables 1 and 2 (Appendix B). This adjusts the failure

rates from the environmental stress level at which the failure rate data

was accumulated, to the system operating stress level and the system

inoperative periods. During the latter period, although not operating,

a component is exposed to vacuum conditions and possible temperature

extremes# therefore a failure rate is used; however, it is much lower than

the operational value.

An additional factor, the capacity factor, is also

applied to the component failure rates wherever applicable. This adjusts

for the periods of tizN when the component is used at its full capacity and

for those periods where it is used at partial or lowest capacity.

d. Solar Cells

It will be noted in the battery charging expression,

that the reliability of the solar-cell array is considered sufficiently

high to be taken as 1.0. That this is Justified can be shown by the example

of a solar-cell grouping of approximately 50 strings of 50 cells per string

in each of approximately four battery-solar cell arrays. A 15 to 20%

redundancy factor is built into each of the arrays.

The assumption was made that a solar cell may be

considered as failed when it is hit by a meteorite of magnitude 1.5 x 10 -6

grams, or larger. The number of such hits to be expected per year is

2 x 10"5, with a solar cell area of about one square centimeter.

Page IV-83



I

I
I

I
I

I

I
I
I

I
I

I
I

I
I

I
I

Report No. L0774-01-9

The probability of solar cell failure is then

2 x 10-5 or 0.00002, and its reliability is 1-O.00OO2 or 0.99998. The

reliability per string is then (0.99998) 50 = 0.999. One diode is used per

string, of reliability, e-8760(0"2)IO-° = 0.998248. With the inclusion

of the diode, the reliability per string becomes (0.999) (0.998248) =

0.997250.

From the above figures, there are_ 4 arrays, x

50 strings per array = 200 total strings of cells. With a 15% redundancy

factor, the overall solar cell reliability as taken from the Harvard University

"Table of the Cumulative Binomial Probability Distribution" is,

Rsolar cells = I - E (200,0.15 x 200, I -0.99725)

= 1 - E (200, 30, 0.00275)

e. Concentrator

The parabolic concentrator also does not appear in

the system reliability calculations because its reliability has been assumed

sufficiently high to be taken at 1.O. The reasons are that (1) meteorite

effects should be even less than meteorite damage to the solar cells, and (2)

the only part of the concentrator system that will have a probability of

success is the erection mechanism. The design of this mechanism is undefined

at this stage, but it appears safe to assume that the erection action would

require less than 30 seconds of operation. Even if the erection-mechanism

failure rate should be as much as the rest of the system combined, or

approximately 100 failures per million hours, the design reliability would be;

3o
exp. (- 3_q3ux lOOx 10 -6) or 0.9999992,

which, for all practical purposes, may be considered as 1.O in the over-

all system calculations.
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Therefore, the only requirement assumed necessary to

ensure good reliability for the concentrator is that sufficient development

testing be done to assure good workability of the erection mechanism design.

f. Equations Used in Calculation of Reliability

The application of stress and capacity factors is

made with consideration of the operating and inoperative conditions for each

component of the three systems (Tables I and 2 Appendix B) to obtain the total

failure rates of the main component groups and the accessory groups, for use

in the calculation of system reliability. The reliability mathematical

model used is associated with the Poisson, or exponential distribution under

conditiQns of constant haza_ or;

R = e-t/M= e
4_

--tkf

where f is the basic component failure rate expressed in failures per hour

K is the combination of stress factors applied to the failure rate, and t is

the mission time in hours. This model, as applied to the SHPS configurations

is expressed as;

- tK Kcf + tI K1 Klc f
Rsystem = e

where, t = System operating time for the mission

K = The environmental stress factor associated with time t

Kc = The capacity factor, or the factor associated with the "application

stress" of the component

f = Generic component failure rate

tI = System inoperative time during the mission

K1 and Klc - Stress and capacity factors during time t1.

The summation of K Kcf and KI Klcf for the main and

accessory components of each system is expressed as M Foper..Main ' E Foper..

EFlnop..Main and _ Finop.-

Accessories,

in Table 4, (Appendix B).

Components Accessories,

in the system reliability expressions illustrated

Page IV-85

L



!I

'_I

I
I

I

I
I
I

I
I

I
I

I

I
I
I

I
I

Report No. L0774-01-9

g. Analysis of Reliability Curves

The system with an optical-transfer tube (System B)

has the most favorable inherent design reliability of the three systems.

This is because it has the lowest total failure rate of main-plus-accessory

components. The effect is very small at the upper end of the curve (Orbital

operations for one month's time), Figure IV-A-12-1. The gain is more

pronounced at the outer ends of the curves, due to the 12 month mission time.

System B also has the highest reliability for Missions

interplanetary and out of ecliptic, Figures IV-A-12-4 and 5. However, the

difference between Systems A, B and C here is insignificant, even at the

12 month's mission time. The reason for this is that the sum of the main

system component failure rates are very close for the three systems and, in

these missions, the main components are required for i00_0 of the mission

time. in this case the burning time is equal to mission time. System B

has the lowest total failure rate for the accessory group of components;

however, the accessories are required for only i0_0 of the interplanetary and

out of ecliptic mission time, thus lessening the effect of the accessory

groups.

0ut-of-ecliptic operations, Figure IV-A-12-5, shows

the same relative relationship between the three systems as does Figure IV-

A-12-4 for independent heliocentric orbits A and B, but the values are lower

by about 5.5_ at the 12 month period. This general lowering for all systems

comes from the fact that the attitude-control system is required much more,

or approximately 30_0 of the mission time, than on interplanetary operations.
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h. Applications of Redundancy

The terms in the reliability expressions Table 4

(Appendix B) for the helium and hydrogen fill valving, the helium and hydrogen

relief valve installation, the helium pressure regulation, and the battery

charge and discharge power flow are calculated on the basis of parallel

redundant component installations. They apply to all three systems. The

redundant expressions for each installation are illustrated in the equations

of Table l, Appendix B.

The helium and hydrogen fill systems consist of a

standard quick-disconnect valve in series with a normally closed pneumatically

operated shutoff valve. The latter valve may use a nitrogen bottle as a

pressure source for its operation. Since the gas fill procedure is a ground

operation, only the leakage failure mode of the quick disconnect and the

pneumatic shutoff valve need be considered for the mission. Two closed-valve

seats in series greatly reduce the probability of leakage, and this effect is

taken care of in the redundant fill valve equation, Table 1 (Appendix B).

The helium and hydrogen pressure relief systems are

made up of an assembly of four valves in a series-parallel arrangement,

connected between each series of two, and with a single outlet. This guards

against both valve-seat leakage and failure to open, or a valve sticking in

some intermediate position. The failure rate in all failure modes is used

in the reliability, Table 1 (Appendix B).

The helium pressure regulation system is made up of

two pressure regulators in series of two-step regulation. The predominant

failure mode is regulator valve-seat leakage, which allows downstream pressure

to build up above the lockup pressure. This failure mode is particularly
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applicable to the system inoperative period. The use of two-step regulation

greatly reduces the probability of failure due to leakage. The design of

the system downstream of the regulators must be such that satisfactory

operation will be obtained at pressures up to the lockup pressure of the first

regulator, in the event of leakage failure in the second regulator. If the

leakage occurs in the first regulator, then the second regulator must be

capable of operating at an inlet pressure up to that of the tank. The

failure mode causing blocking, or a partical restriction of flow, such as

regulator spring breakage, is extremely small. The probability of failure

due to this cause is therefore very low, even though there are two springs

to consider. However, this possibility is taken into account in the squared

terms outside the brackets in the pressure regulation reliability relation-

ship, Table 1 (Appendix B).

The electrical power supply system employs the

parallel redundant principle for the ac output. This is achieved by using

two identical combinations of battery, battery charge regulators, and discharge

gate. The input from the solar cell array is fed to both charge regulators.

The discharge gates prevent current flow from one battery circuit to the

other; the dc power output therefore comes from the battery that happens to

have the highest electrical potential at any given time. The reliability

expression for the dc operation is written in Table 1 (Appendix B) for the

battery charging operation and the battery discharge power flow.

i. System C 0nly

System C (Figure IV-A-12-8) performs as extra

operation in the flow-selector valve assembly. The function of this assembly

is to deflect hydrogen through either of the two hydrogen nozzles. This

flow-selection process will be used for many cycles of operation in all

missions. To maintain high reliability of operation, two pairs of solenoid
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control valves are used for the selector operation. This is an application

of sequential redundancy, in that the first pair of control valves are used

until trouble develops in one of the valves. If this occurs, the first pair

of valves is sealed off and the flow is directed through the second pair.

This sealing off and re-routing of hydrogen is accomplished by the use of

two squib-fired irreversible valves installed in a tee in the single hydrogen

tube, upstream of the control valves. The squib valve supplying the first

pair of control valves is normally open, and the squib valve supplying the

second pair of control valves is the normally closed. In the event of a

failure in the first pair of control valves, both squib valves are simulta-

neously fired by a signal from the temperature-sensing flow control. This

closes the first route to hydrogen flow and opens the second path of the flow.

The reliability expression for the flow selector valve

assembly is expressed as:

R2squib = [e-tF(l + tF_

Irreversible valve

where t is the mission time and F is the failure rate of one pair of solenoid

control valves. This expression was used to calculate the valve of the term

for the flow selector valve assembly in the System C reliability equations

of Table 4 (Appendix B).
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13. A Method for Estimatin_ Development Time and Cost

me Discussion of the SHPS Research and Development

Program

Three major research and development phases should

be completed before SHPS can be considered a usable space propulsion system.

First - Critical components should be analyzed, tested and

evaluated so that the individual performance of

each component is assured.

Second - System integration problems that occur because of

the application of SHPS to a specific mission should

be evaluated by preparing preliminary designs. The

missions chosen as the basis of these designs should

show clear payload advantages in favor of the SHPS.

A general system specification should result.

Third - An integrated system should be built, tested, and

_valuated. The size selected should be as near final

size as possible and suitable for a mission.

b. Development Cost

The first two steps are least costly. They provide

fundamental inputs upon which the decision to embark on the third step is

based. Development Costs will depend on the effort necessary to achieve

success in these first two critical phases which are best defined as applied

research area. The costs of the individual critical components should reflect

the estimates for early testing and evaluation.
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The primary factors that influence the research and

development costs for an SHPS are listed below, on a component basis. The

summation of the component is equal to total development cost. This cost,

when divided by the number of men on the project and multiplied by approximate

yearly cost per man, will yield the development time.

COMPONENT

Parabolic Concentrator

COST CONSIDERATIONS

(I) Surface tangental

accuracy and surface

quality

(2) Diameter

COST TERM

m

K1 e ¢

CD

(3) Engineering

(4) Fabrication

(5) Material

K3 +
_N

K M_e -4 y_

Absorber (1) Engineering K3 _Mye + Mym_

(2) Fabrication K 4_F e

! •

(3) Material K F
5

= +My m + KCD K3 e 4 _F e
-_N

÷K5F
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Optical Energy-Transfer Tube

(1) Surface tangential

accuracy and surface

quality

(2) Length

(3) Engineering

m

K8" e

I!

K 3 _e + Mym_

(4) Fabrication K 4 _F e

II*

(5) Material K 5 F

m I

' "E. _ " "_"' " _E }_" - "CD = K 3 Mye + + K 4 _F e K 5 F + K 10.8 _F + K_ ee + K 5 F

Propellant Tanks (I) Propellant weight K6 F

Isp

CD = K6
sp

Nozzle (1) Size K7K

CD = K?F
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F I

m m

L =

D =
m

M =
Ye

Thrust

Accuracy of an inexpensive mirror _--.5°

O

Desired accuracy in

Length = Dm/2

Mirror diameter = 21.6 _F

Engineering man years

Engineering man years materials and process

Fabrication man years

= Learning constant

n = Component sequence number

N = Number of unit built

El, K2, K3, K4, K5, K6, K7, K8, _ constants

Isp = Specific impulse

= Number men estimated x average man year cost

CD = Development cost (dollars)

TD = Development time

Total Development Cost

F
+ K6 y---

sp

Mym)] +n" ]+ _ K4 _F e -tal + K1K2 [ _5,_._/i_ _.e21"6 5 m,

[ ]_+EvF + K8 K9 i0.8 dF eT

Total Development Time
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The constants _ through K9 are functions of average labor rates and

overhead and administration costs which vary from one engineering organization

to another.

The refinement of these equations, or the use of more accurate costing

methods, would seem an appropriate task to accomplish in the future. This

tabulation was, of necessity, far too brief.
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B. ADVANCED CHEMICAL PROPULSION SYSTEM WEIGHTS

The purpose of this studywas to determiue specifically the propulsion-

system propellant fraction of advanced chemical propulsion systems. To do this,

it was necessary to calculate the advanced chemical system tankage weight as a

function of initial propellant weight, and the engine weight as a function of

thrust level.

The propellant fraction and the different thrust-to-weight ratios,

for the advanced chemical syst_nthat resulted from the analysis is shown in

Figures IV-B-1. Figure IV-B-1 describes the &30-second specific impulse engine

and Figure IV-B-2 describes the A60-second specific impulse engine.

1. Discussion

a. Engine Weight

To determine the propulsion system propellant fraction,

a weight study was performed on the engine. The propellant combination selected

for the advanced chemical system was liquid hydrogen-oxygen, and two specific

impulses of _30 and _60 seconds were chosen. A range of propellant weights of

1OOO to 1OO,OOO lb was covered in this study. The engine thrust was varied from

thrust-to-weight ratios of O.1 to 1.O. A chamber pressure of 600 lb/in 2 was

taken as being nominal for all the engines used in this study.

The engine was assumed to be a turbopump fed design,

and weight estimates were based on empirical correlations. The engine weights

were based on gas-generator weights, lines and valves weights, turbopump weight,

and the injector, chamber, and nozzle weight. The weight of the gas generator,

as a f_nction of engine thrust for both the &30 and %60 second specific impulse,

is shown in Figure IV-B-3. The weight of the lines and valves as a function of

thrust is shown in Figure IV-B-A. The turbopump weight curve for the two specific

impulses, and as a function of thrust are plotted in Figure IV-B-5. The weights

of the nozzle, thrust chamber and injector were computed from a series of homo-

graphs and, when added to the previously calculated weights, resulted in the

engine weight vs thrust level curves plotted in Figure IV-B-6. The effect of

the two different specific impulse values chosen can be readily seen.
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b. Tankage Weight

The same method was used to calculate the advanced

chemical systmmweights as was used on the nuclear-stage tankage. An efficiency

factor was determined for the particular configuration chosen by reference to

Figure IV-B-&. The efficiency factor (¢), which is defined as follows,

wv- " (P)(Nu)x 1

was determined in a previous parametric tankage study,

where

V = propellant volume (ft3)

W = tank weight (lb)

Pm= density of tank wall material (lb/in3)

= allowable stress (lb/in2)

P = tank pressure (lb/in2)

Nu = safety factor on ultimate

For +he l_ngtb-tn-diam_ ratio _olo_÷od (_ o one), _n _ _ ..... factor of

2012_ was determined. This resulted in the tank weight versus propellant weight

curve seen in Figure IV-B-8.

The difference in engine weight because of the two

specific impulses was accounted for. Figures IV-B-I and IV-B-2 are plots of

the propulsive system propellant fraction versus propellant weight for thrust-to-

weight ratios of 0.i, 0.6 and 1.0. They include consideration of both tankage

and engine weights.
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The payload capability of the nuclear propulsion system is

intimately related to the weight of its inert parts. The inert weight

consists of two simple parts which, when summed, make up the total

weight: a propellant-dependent term and a thrust-dependent term. The

weight of the tanks which is in propellant-sensitive terms is relatively

firm because the tank design is conventional. An analysis of it is

presented later. The weight of the thrusting system is based on a

technology that is still changing and therefore is, to a degree, uncer-

tain. The best analysis can not be refined to a greater degree than

what is now considered to be the objective of such a system. Nuclear-

heated hydrogen propulsion system thrust sensitive components (lines,

pumps, reactor, less shield) can be expressed by the following simple

equation:

= + 8375WF O.O485 F°

and tank weight can be expressed as:

Wp =0.23 Wp 0.971 derivation of tank weight.

The weights of the tankage for the nuclear system tankage

we_'e based on a configuration having the following shape.

a
- = 2
b

L

1
D

e = 45°

a F b
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The weight of this nuclear system tank differs from the SHPS system in

that the nuclear tank is a thrust- and load-carrying structure, whereas

the SHPS tankage is not. The nuclear propulsion system tank is, there-

fore, a less efficient pressure vessel.

In the analysis, the tank pressure was 40 Ib/in 2 and the

propellant density was 4.3 ib/ft 3. A 2 g longitudinal acceleration was

assumed and a safety factor on the ultimate strength of 1.4 was used.

A material density of 0.i ib/in 3 and an ultimate strength of 75,000

ib/in 2 was used for the alumlnumtank.

Vp Pm
WT x m x PTXNa u

1"_neabove equation defines the efficiency factor of the configuration

as a function of propellant volume (Vp), tank weight (WT) , and tank

material density (Pm) , material ultimate strength (_)_ tank pressure

(PT) , and ultimate safety factor (N).

The efficiency factor is found from Figure IV-C-I as a

function of Z, where:

pp Nx D
Z=

3_56 (b) PT

A in the above equation is a function of propellant density (pp), lomg-

itudimal acceleration (Nx) , tank diameter (D), elliptical heat ratie

(a/b), _nd tank pressure (PT)"

For the values used in this study Z will approach zero mad

the efficiency factor will be approximately 2 for all cases. The tamk

weight will then be:
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w_ = 1.12--_ or W_ = 0.13Wp

L0774-01-9

The insulation amd meteor protection weights added to the

tank weight were generally equal to the weights added to the SHPS tank

weight.

Figure IV-C-2 shows the two curves of tank weight and tank

weight plug insulation and meteor protection weight as a function of

propellant weight. The total weight m_y be approximated by the equation:

w__ (o.23)wpo.97L
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NUCLEAR-ELECTRIC PROPULSION SYST_ WEIGHT ANALYSIS

The discussion in this section applies directly to ion pro-

pulsion systems, but the proce_are applies to the analysis of other electric

propulsion systems as well (arc-Jet and plamaa-Jet systems, for example).

The basic characteristics of ion engine propulsion systems are

high specific impulse (5000 - i0,000 sec), low thrust levels (O.01 - IO Ib)

and large electrical power consumption (2 kw- 4500 kw). The high specific

impulse, low thrust features mean that, in general, the operating times will

be long and the propellant consm_ption small. The high electrical power

consumption requirement dictates a correspondingly heavy power supply system

(usually a nuclear reactor-generator set). However, the feasibility of amy

propulsion system for a given mission depends largely on its payload-to-
Wu

initial-weight ratio (_--), which is discussed more fully in Vol_me II.

The total system weight is the mm of five weights:

wi. w_.+ ws ÷wp+wz+wT
W - total initial weight
o

W = structure weight
s

WE = ion engine weight

Wp = propellant weight

= nuclear reactor generator power supply weight

= tank weight

Equations and the methods of calculating propellant weights for

given characteristic velocities and operating times, is given in Vol_me II,

of this report.
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The propellant weight (Wp) is _...._ of velocity 4......

and specific impulse (Isp). The ion beam power (p) is computed from

characteristic velocity, operating time, initial weight, and final weight.

Using the beam power and specific impulse, the thrust F can be estimated.

The reactor/generator weight W R is found from the electrical power require-

ment by means of Figure IV-D-I. The nuclesr reactor power system weight,

expressed intterms of thrust to the iib level, is 6000 F_ where F is ib

thrust. The propellant tank weight (WT) is computed from the propellant

weights, as shown later. The weight of the ion engine is a function of

the power released in the beam and its weight in terms of thrust has been

estimated as 200 F to the one-pound thrust level.

The propellant weight (Wp) as a function of characteristic

velocity (AV), specific impulse (Isp) and initial weight (Wo) is given by

the relation

-AVw = w (i- p_)
p o g± -

sp

Two other weights, of less significance in high I systems_
sp

are the propellant tank weights (WT) and the structure weight (Ws). The

structure weight can be estimated as 0.05 of the total initial weight

(Ws = 0.05 W ). The tank weight is computed from the relationsO

W 1/2

W T = 3.89 h Pt (0-j_)
p

h
1.345 K pp W

: s (_)YP

2/3
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h = tank wall thickness

pp - propellant specific weight

Pt " specific weight of tank material

W - p_'opallant weight
P

K = maximum expected launch aocelera%ion

S = yield stress of tank material
YP

If the compu%ed wall thickness is less than the machineable

limit of 0.02 inches the tank weight is

w 1/2

w_. o.o778% (_)
rp
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E. SOLAR ELECTRIC PROPULSIONS SYSTEMS

Solar electric propulsion limitations are similar to those

limiting SHPS. The major limitation is concentrator diameter. If 200 feet

is acceptable limit, 300 kwcanbe produced using the temperature limits

that exist in current technology. Advances in these thermal limits can

be expected to produce a megawatt output within this size limitation.

The largest system now under development is expected to

produce 15 kwwith a 44.5-foot diameter mirror. This system will provide

O.1 lb thrust. As shown in the table below, this system weight of 974

with 12-1b allowance for ion engine weight gives a total weight of 986 lb.

Thus, the weight of the thrusting system (wF) is 986OF(lb), which is

somewhat higher than the nuclear electric system. The specific weight

of the solar system should decrease as power level increases, but not

as rapidly as the specific weight of a corresponding nuclear system.

The "" _- $ _= _ stractures for the.e_h_ of the propellant, $_ ......

SHPS is the same as those presented in the previous section on nuclear

electric propulsion.

The data presented in the following table compares systems

in the low power range. The 15 kwdata support the previously given

weight estimate.

page.

The weight comparison table appears on the following

Page IV- I03
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SOLAR ELECTRIC SYSTEM WEIGHTS

LOW POWER RANGE

Turbine-Alternator

Condenser

Controls

Piping

Working Fluid

Heat Exchanger Working Fluid

TOTAL ENGINEWEIGHT

Concentrator Weight

Concentrator size for a solar

engine only - diameter in ft

Rated Power - kw

5 i0 15 20

60.5 85.0 ii0.0 133.O

24.5 46.0 59.0 73.8

13.5 13 -5 13 -5 13.5

4.8 6.1 7.0 7.7

3.5 4.4 5.0 5.5

154.0 280.0 406.0 526.1

260.8 435.0 584.5 759.6

205.0 300.0 390.0 470.0

20.08 36.09 43.21 49.11

I

I

I
i

i

I

I
I

TOTAL SYSTEMWEIGHT ' w _ _ _"' w 1329.6_6p.8 rgp.u _r_._

!

Page IV-I04

!



Report No. L0774-01-9

REFERENCES

le

e

Charles L. Zola, TraJector_ Methods in Mission Analysis for Low-
Thrust Vehicles, AIAAPreprint 64-51

Charles W. Stefans and Alan M. Harms, "Internal Design Considera-

tion for Cavity-Type Solar Absorber" ARS Journal , July, 1961

@ D. K. Edwards, et al, Basic Studies on the Use and Control of

Solar Energy, University of California, Los Angeles, Report

No. 60-93, October 1960.

Page IV-I05



I
I
I

l
I

I

I
I
I

I
I

I
l

I
I

I
i

I

Report No. L0774-01-9

Q.

APPENDIX A

CONCENTRATOR STATE-OF-THE-ART SURVEY

This Appendix contains the letter of solicitation and the question-

aire sent to ten companies who were thought to be active in the evalua-

tion, design and fabrication of parabolic concentrators. The companies

listed below responded as of writing of this final report.

Goodyear Aerospace Corporation

Electro Optical Systems, Inc.

NASA - Langley

AiResearch Manufacturing Company

Stanford Research Institute

Thompson-Ramo Wooldridge, Inc.

General Electric Company

G. T. Schjeldahl

Some data was received late and only a hurried appraisal of its

impact upon this analysis could be made.

I



TYPICAL LETTER OF SOLICITATION

(FROM REPORT L0774-O1-6)

9 September 1963

I

!
I
I

!

!

I
I

!

Oentlemen !

Acre Jet-General corporation is now performing a task vital to the future o£

solar energy conversion systemsp especially to the future of those components

that are basic to heated b_irogen propulsion systems. AOC is now fulfilling
its obligaticn on NASA Contract NA3 7-230, wherein a Comparative Misslon _

Analysis for Solar Heated Hydrogen Propulsion System (SLIPS) is belng performed,

To supplement the missions and s_stems analysis now in progress, Aero_et-
General solicits your aosistance so that the most factual estimate of solar

concentrator weigh% and performance attainable from current state-of-the-ar_

and that likely to be available by the 1970 time period, can be established.

High temperature solar conversion systemsj such as Stl_ r_qui.ro a parabo-

loidal concentrator and oo_anies now fabricating this type conoentrator_ in
Its many forms, should be most aware of possible future improvements. You
have been contacted because of your experience with solar concentrators cn

Government Contract AF !9(60_)-3477. Specificallyp it is your knowiod_e of

%he current state-of-the-art and your ability %o estimate the future that is

solicited.

Attachedis a list of quostionswhich hopefully'narrowdown the_cadquesti_

to specifics. Certain of rinse questions may lie outside your primarTarea
of lnterestp consequently feel free to select the applicable areas In whioh

Lo submit replies.

The technical outcome of the data submitted will be an estimate of the

performance of a solar concentrator. The object of the missions and systems.
etud_ is to delineate the missions areas of interest to the national space
effort_ Vheroin a solar-heated hydrogen propulsion system offers 'distinct

I performance advantages over other possible ,_thods of propulsion. Your replywill be appreciated_ and it will assist in determining whether %hls new

_erfoz_ance application is possible. The efforts in contrlbutin_ this us_

Luformation .nmt be m_de g/_tis wlth no obligation on the par_ of Aero_et-

i Ooneral Corporation or the Government. It would be most helpful if your
ropl7 is received by 7 October _63. In all cases, the d_ta contributed will

be identified and credited to you ao the ori_nator unless you speci_ o ther-

i wisoe 1

!
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S_ord Researoh Institute -2- 9 8ol_m_r 196_3

We urge you %0 eallp in person or by phonop to dlsouss any question whloh

faoilAtate _our response.

Very tru_ yours,

A_OJET-OE_J_,._AL C_PO_ATI_

H. Hum_al, Sootlon Head
Advancod Power Systo_s Projeote
S_AP-_ Divis_m
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SOLAR CONCENTRATORS FOR SOLAR HEATED

HYDROGEN PROPULSION SYSTEMS

io

e

o

e

e

e

e

e

What is the specific weight* of the concentrator nov being produced by

your company or subcontractor? What is the anticipated reduction in
weight by 1970, and is there a foreseeable size limit?

What concentration ratio** is now attainable with your design concept
and what improvement can be expected by 19707

What is the physical strength characteristics of your concentrator?
Specifically, how will g-loads affect the mirror contour?

What weight of deployment or unfurling equipment will be required for
the 1970 mirror designs?

Since each construction method has a specific influence on concentrator

performance, identify your methods and those items which have a direct

influence on the performance of your concentrator.

What are the preferred points for attachment of the mirror to a struc-

ture and where is it best to attach the support structure for the

support of a solar absorber?

How does solar radiation affect the design life of the system now being
deVeloped and what anticipated improvements in radiation resistance

can be expected by 19707

Have you attempted an analytical evaluation of mirror surface deter-

ioration in a space environment? If so, what deteriorating effects
have you been able to account for?

Are there any specific design unknowns that make the development of

your system dependent on space test results? If unknowns exist, what
are they?

* Specific weight = ib of concentrator per square foot of projected area,
unless otherwise defined.

** Concentration ratio = the ratio of the max. flux in the solar spot to
the solar constant, unless otherwise defined.
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GOODYEAR AEROSPACE
CORPORATION

AKI_0N 15, OHIO

October 7, 1963

In reply refer to

Letter X36-2072

Aerojet-General Corporation
Azusa, California

Attention: Mr. H. Humpal, Section Head
Advanced Power Systems Projects
SNAP-8 Division

Subject:

References:

Solar Concentrator Data

(a) "Elements of Solar Collector Design"

by D. L. Dresser, Allison Div., General
Motors Corporation presented as paper

No. 61-24, IAS Meeting, New York,

January 23-25, 1961 (pg 48).

Cb) "Structural Damage and Other Effects

of Solar Plasmas", by L. Reiffel, Armour

Research Foundation, Chicago, Illinois

ARS _uul.na±, March ±you, PP _58-262.

(c)

(d)

"Structural Effects and Particle Content

of Interplanetary Space", by L. Reiffel,
Armour Research Foundation, Chicago,

Illinois, ARS Journal, July 1960, PP 654-655.

"Explorer X Interplanetary-Plasma Observations",

by J. S. Bridge, A. J. Lazarus, B. Rossi,

F. Scherb, E. F. Lyon, MIT., and C. Dilworth,
Instltuto Nazionale di Fiscia Nucleate,

Sezzlone di Milano, presented at Inter-
national Conference on Cosmic Rays and

the Earth Storm, Kyoto, Japan, September

4-15, 1961 (See also IGY Bulletin No. 55,
January 1962 )
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Letter X36-2072

October 7, 1963

Page - 2

(e) "The Mission of Mariner II: Preliminary

Observations", by P. J. Coreman, Jr.,

UCLA, L. Davis, Jr., Cal Tech., E. J.

Smith, JPL, and C. P. Sonett, NASA-Ames

R C Science, 7 December 1962, PP 1095-
llO0.

Enclosure:

(f) llOth Meeting, American Astronomical
Society, Harvard and Smithsonian

Observatories, April 1-4, 1962

(g) "Solar Concentrators for Auxiliary

Power", by W. D. Nowlin and H. E. Benson,

Aerospace Engineers, Langley Research,
NASA, Space/Aeronautics, September 1963,

Page ll2.

(i) GER 11078 "The Cone and Column: A New

Concept in Solar Energy Concentrator"

one copy

Gentlemen:

In reply to your letter of September 9, 1963, Goodyear Aerospace

is pleased to present the following information pertaining to
Goodyear developed solar concentrators, The application of a

solar concentrator to a propulsion system is most logical.

The progressive development of both Goodyear and Aerojet-General

may well result in a highly desirable space propulsion system

of mutual benefit to both industry and the overall space _ffort.

Since the pursued objectives of the solar concentrator develop-

ments thus far may have been different from those for a pro-

pulsion system, the conditions for the values given are also
presented.

The below paragraph numbers correspond to the list of questions

presented in your letter:

le The specific weight of the space version solar concentrator

now being built at GAC would be 0.40 lbs/ft2. These

weights include the mirror, the pressure envelope, the

necessary tankages and materials to completely deploy
the concentrator in space. They do not include the

overall container, positioning rods or orientation system
since these are usually married with the vehicle and

converter Bystem and require special consideration.

This weight is based on a 44.5 ft diameter solar
concentrator.

5
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The specific weight of a 1970 version solar concentrator

is anticipated to be 0.20 lbs/ft 2. The size limitation

with present day materials appears to be approximately
lO0 ft diameter. This is expected to broaden to 200 ft
diameter by 1970.

Concentration ratios of 2100:l have been obtained on

models built to date. Higher ratios are obtainable wlth

the smaller models. The larger sizes have not yet been

fully rigldized to measure concentration ratios, however,
contour measurements of the inflated units have indicated

high concentration ratio potentials.

Concentration ratios of 5,000 and over are anticipated
by 1970.

The only inertia loads (g loads)that the presently designed

inflatable, foam-rigidized solar concentrator is expected
to experience during operation are those due to the orienta-
tion of the mirror to the sun. From a structural view-

point the mirror must have adequate strength to resist

these small forces but. deflections are of little signifi-

cance since the mirror is not expected to operate at

maximum efficiency during these relatively short periods
of orientation.

General membrane deflection equations have been developed
_ _h_ case _ _n _xi _rm_*_ _ _ *_.._

uniformly over the surface of the mirror and acting

parallel to its axis of rotational symmetry_ The lg

deflections of a 44.5 ft, 60 deg. rim angle mirror were
determined using this analysis. The increase in the

rlm diameter was found to be only 0.34 inches for a mirror

constructed of a 1 mil aluminized Mylar reflecting surface
bonded to a layer of 1/2 inch, 8.35 pcf rigid urethane

foam. A different thickness of much lower density foam
would be used for a space mirror.

Unfurling and deployment equipment for the 1970 solar

concentrator is expected to amount to approximately
17 lbs for a 44.5 ft diameter mirror.

I
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o This solar concentrator is an inflatable-rigidlzed type.
The concentrator surface is constructed of thin-film

(approximately 1 mil thick) paraboloidal gores of

aluminized Mylar heat sealed at each gore. The outer

rim of the paraboloid is attached to a portion of a
sphere (pressure envelope). Toroids and/or other

equivalent devices may be used in place of the sphere.
The concentrator takes on the paraboloidal configuration

under a specific pressure which is determined on the
basis of (1) Tensile stresses and (2) the strains

produced on the Mylar material. The internal pressuri-
zation enables attainment of the double curvature required

for a smooth paraboloid.

The paraboloidal part of the concentrator, a gored assembly

is constructed by butt-splicing the Mylar gore segments

and overlaying Schjeldahl GT-IO0 heat setting adhesive

tape. The gore segments are tied into a metal hub on

which the foam generator equipment is mounted.

The structure is rigidized by distribution of polyurethane

foam between the mirror and a jacket attached to the back

of the paraboloid. The jacket consists of a thin plastic

film to restrict foam flow and prevent loss of foam in

space. The foam generator is located_at the hub of the
concentrator. Foam is distributed from the hub to the

outer periphery by the pressure exerted by foam _ild

up at the generator (which forces the foam flow) and by
evacuation of generated gases through vent holes at the

outer periphery.

The resulting structure in space is a paraboloid rigidlzed

with a layer of plastic foam varying in thickness from
inches at the hub to 1 inch at the rim on the back of

the reflecting surface. The plastic foam material has

a density of approximately 1 pcf. The reflecting surface

consists of type C Mylar film with aluminum vacuum

deposited under specific conditions for maximum reflectance.
The aluminum surface is then coated with silicon monoxide

to prevent scuffing from handling during the fabrication

process.

The factor having the most direct influence on the perform-

ance of the concentrator is temperature. Geometric contour

and structural llfe and strength can be distorted from a

heat build up. By the application of a silicon monoxide

I
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8

coating to the aluminum surface the absorptance-emittance
( C_E ) ratio is enhanced to where the equilibrium

temperature can be retained to suitable values (even

below :_oom Semperature, if desired).

The mo_3t suitable attachment point of the concentrator

to the support structure and to the absorber for most

cases appears to be at the hub of the mirror. Numerous

variab_ons exist and each specific application must be

investigated to determize the most suitable design.

Some r_m and ring supports are desirable but increase

in co_olexity with the larger sizes.

Solar _adiation effects the design life in the follow-

ing manner: Heat build-up can distort mirror contour,

produce wrinkles, and produce a diffuse reflecting
surface.

Ultraviolet radiation can cause the Mylar and the

plastic foam to physically breakdown.

Corpuscular radiation can erode an aluminized surface

and reduce the reflectance.

m_ heat build _ on _h_ mir_ _urfam_ can be con-

trolled by the application of a silicon monoxide over-

coating. A specific thickness of silicon monoxide in-
creases the emittance factor thereby improving on the

( o( /_ ) ratio of the composite. The resultant

equilibrium temperature can be retained at a very
moderate value.

The ultraviolet radiation is a small portion of the

solar spectrum. However, the penetrating characteristics
of its short wavelength can cause ionization at the.

Mylar and polyurethane molecules over a prolonged exposure.

The aluminum surface is highly reflecting in the ultra-

violet and would reflect a higher percentage of this

small quantity of ultraviolet energy_allowing only

a negligible amount to transmit to the plastic materials.

!
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In discussing s_lar collector survival im interplanetary
space*, Dresser implies that a erious problem may exist

in the rate of reflectance degradation due to the solar

wind. Dresser quotes Reiffel as showing that a 30m
(300 _) silver coating on a plastic substrate would be

destroyed by solar protons in one month! Reiffel's

first published calculationsb were based on an average

sputtering yield of one silver atom per proton, a den-

sity of 600 solar protons per cm3 and a solar wind velo-
city of 1000 Km/sec.

First it should be noted that Reiffel published again,
just four months later, and showed cause to reduce his

own original sputtering yield by a factor of five, from
unity to 0.2 atoms per proton. C At the same time he

extended his prediction of survival for a 300 _ silver
film from one to six months.

More recent data from the Explorer X satellite d and the

Mariner 2 Venus probe e indicate that the solar wind den-

sity typically ranges between 2 to 20 protons/c_3, in
agreement with data from the Russian Lunik II Moon

probe. The solar wind velocity appears to be generally
less than lO00 KM/sec, usually between 460 and 810 Km/sec.

The incident solar wind, therefore appears less severe

than Reiffel assumed by a factor of from 38 to 600.

Together with Reiffel's o_ _,,_si_n of th_ sput*o_i_

yield factor, we now have basis for extending _he cal-
culated interplanetary survival time of a 300 A silver
film (neglecting meteoritic erosion) from Reiffel's

original dire prediction of one month to at least 19
years (a rate l_ _/year).

Contrary to the implicatio_ of references (a) and (b)
solar proton wind would appear to be a lesser hazard

to solar collector surfaces than meteoritic dust in

interplanetary space (as it certainl_ is within the
earth's magnetosphere and dust cloud), f

Whipple der_es a m_an space density for interplanetary
dust of 10-_gm cm-_, within an order of magnitude, but

cautions that this is only intended as a working hypothesis.
He states there is now strong evidence for greater con-

centration of this Gust in the Vicinity of the earth.

i
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Whipple believes dust particles are in orbit around the

earth, a consequence which is that the minimum mass

particles are F_- 10-12 gm.

He obtains an upper limit depth-etching rate for iron

meteorites of 12 _ per year. A reasonable ra_e (not

an upper limit!) for stone meteorites is 150 _ per year.

For the photographic meteors (low density) he suggests

a relationship of 2300/_ A per year. ( _ is density of
Mylar material)

Dubin finds satellite data yields a concentration of
l0 -20 gm/cm3meteoritic dust in tbs vicinity of earth of

or 10_ times that indicated by the zodiacal light.

The Pioneer I data, he feels, is wild due to a time or

distance anomaly.

Mr. McCracken stated that he saw no problem of surface

erosion in interplanetary space, although there appears

to be some problem near earth.

The above values for the sputtering of silver are much
worse than those of aluminum as used in the GAC mirror.

2o reduce erosion, the surface material should have a

high sputtering threshold. Aluminum's threshold of
125V makes it a good choice compared with silver and gold,

_,,_ have _o_^_o _ .... 50 vg.
y

Also, the GAC mirror would have a protective layer of
silicon monoxide which would result in additional pro-

tection from micrometeoroid bombardment and sputtering

caused by corpuscular radiation.

I
I

I
I

I

0 Design unknowns that would require space tests include:

(1) Zero "g" effects on deployment and rigidization

(2) Extent of damage on the mirror surface caused by

micrometeorites and corpuscular radiation.

Outside of the above, no major design unknowns exist at

present. Since the launching of the Echo satellite
on 12 August 1960 great confidence has been gained

with this inflatable-rigidized concept. The current

problems are expected to be resolved by straightforward

engineering developments.

i
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Additional Information

The above presented values are for the space version of the

inflatable-rigidlzed type solar concentrators. GAC has

explored a number of other types of solar concentrators in
an effort to increase know-how, offer greater diversifica-

tion and to broaden overall capabilities. Some such types

include a solid one-piece mirror, and a cone and column

mirror system (see enclosed paper) amongst others.

The solid one-piece mirrors are fabricated in much the same

manner as the inflatable-rigidized type but modifications are

made with the. substrate materials. Aluminized Mylar is lald

up on a paraboloidal _rm cut in gore patterns and seamed

with Schjeldahl GT-IO0 heat setting tape. The assembly is

then pressurized to take on the desired contour and checked

with templates. A special formulation of epoxy casting

resin is then applied (0.O15 to 0.025 in. thick) to support
the Mylar and maintain anexcellent reflective surface.

When cure of this coating is complete the structural substrate

is appl_d.

One type of substrate material is _lid fiberglass. A number

of plies of cloth epoxy laminate are than laid up and allowed
to cure. _' ......_a_ number of plies are dictated b_ th_ required

structural strength. The laminations are cured in an evacuated

environment to achieve maximum quality while the mirror remains

under inflation pressure to maintain contour.

A 1 g deflection analysis of a 30 ft diameter, 60 degree rim

angle mirror composed of a 1 mil aluminized Mylar reflecting
surface laminated to 1/4 inch of fiberglass reinforced plastic

yielded an angular deflection at the time of only 17 seconds.

The corresponding increase in the rim diameter was 0.00216

inches. This mirror was designed to withstand an axisymmetrical
l0 g launch load. •

Another type of substrate used is an aluminum honeycomb. First, ......

three plies of glass cloth are applied over the epoxy shell.

Each ply is cured separately. The third ply is applied with dthe honeycomb core and curing is accomplished in an evacuat_

environment. ' An outer skin consists of three additional plies
of glass cloth applied to thecore and vacuum cured as the

inner plies.
• ' . .i.x• i_ ,

ll
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The above processes has yielded high quality mirrors with
high rigidity. The weight values are moderate and load

capabilities to lO g's have been designed in some models.

Such mirrors may be considered for ground tests and some

special space applications. Large sizes are available.

If we can be of any further assistance, please do not hesitate

to contact the writer In'Akron, Ohio, area code 216-794-2666.

Very truly yours,

sm

GOODYEAR AEROSPACE CORPORATION

Space Systems and Tech21o_gy

Sales Engineer

!

I
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I
I
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| GOODYEAR AEROSPACE

l :" CORPORATION! ;

I _ AKRON IS, OHIO
l

Aero Jet-General Corporation

Azusa, California

Februa " 1964

In reply _efer to

Letter X36-241 ,

Attention: Mr. H. Humpal, Section Head

Advanced Power Systems Pro jects
SNAP-8 Division

Subject:

Gentlemens

Solar Heated •Hydrogen Propulsion System

In reference to your inquiry regarding your study under NASA

Contract NAS7-230 (A comparative mission analysis for Solar

Heated Hydrogen Propulsion System), we would like to clarify

Our position on the C_odyear Solar Concentrator Concept.

In the area of concentration ratio improvement expected by

1970, we can say that we expect to be able to produce para-
boloidal mirrors having tangential an_lar errors of less

than 1/4 dog. When this value is inserted in a normal Monte

Carlo distribution and applied to your computer program, it

is understood that a concentration ratio of approximately

16,250 is obtained. We believe such accuracy is attainable

by 1970 with normal development and improvements in fabrlcatlo_

techniques.

Please feel free to contact us for further clarification of any

matter regarding this inquiry.
i

" Very trul;_ yours, _
b m

Sales Engineer

...... Space Systems and Technology

i sm .

,| :
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14 October 1963

Aerojet-General Corporation

Azusa, California

Attention: Mr. H. Humpal, Section Head

Advanced Power Systems Projects
SNAP-8 Division

Gentlemen:

Electro-Optical Systems, Inc. is pleased to submit this response to

your letter of 6 September 1963 requesting information on solar concen-

trators applicable to Solar Heated Hydrogen Propulsion Systems. EOS

has been active for several years in the development of light-welght
solar concentrators for space power and propulsion applicatlon. We

have evolved several techniques for fabricating such concentrators

_epe_zng on ._dsslon requirements. _ne enclosed AIEE paper describes

three typical EOS concentrator developments. It is probable that two

of these, the rigid unfurlable parabolic mirror and the one-piece

parabolic ,drror concepts, would be most applicable to high temperature
propulsion systems.

Specific answers to your questions concerning concentrators are given
below. The numbers correspond to those in your question sheet.

I. Specific weights for the 4-foot rigid unfurlable parabolic

mirror and the 5-foot one-piece mirror are given in the paper. EOS

has recently fabricated segments (petals) of a 45-foot diameter mirror .
These petals have specific weights between 0.7 and I.I ib/ft • By

1970, it is possible that21arge one-piece or petal mirrors weighing

in the order of 0.5 1b/it would be feasible. Mirror size is limited

primarily by launch vehicle size. One-piece mirrors up to 30 feet

diameter and petal mirrors up to 60 feet diameter appea r practlcal.

!
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2. Performance characteristics of the one-piece and petal mirrors

are given in the paper. Significant improvement of the one-piece mirror

is not anticipated, since the mirror is already performing very close
to the theoretical limit. By 1970 it is posslble that the petal mirror
will approach the performance of the one-plece mirror. Performance is

defined in terms of mirror efficiency, as given in Figures 10 and 18

of the enclosed paper. Generally, the curve of mirror efficiency versus

aperture diameter is more useful than the concentration ratio, as a
design tool. However, as a point of reference, the 5-foot diameter

one-piece mirrors made by EOS have demonstrated concentration ratios
in excess of 14,000.

r "

!

!

!

!

3. Both the 5-foot diameter one-piece mirrors and segments of a _
lO-foot diameter petal mirror have been subjected to full launch vibra-
tion loads without deformation.

4. No particular deployment equipment is required for the one-

piece mirror. The unfurlable mirrors require a central deployment _
mechanism which might be expected to weigh somewhat less than the cumu-
lative weight of the petals.

5. EOS solar concentrators are made by electro-forming. The
general process is described in the attached paper.

6. In the case of the unfurlable mirrors, bo_h the mirror mounting

points and the absorber mounting attachment are on the central deploy-

ment mechanism. Attachments to the one-piece mirrors are made on the

rim torus. Location of support point_ is optional.

L

7-8. No tests have yet been run in space regarding performance or

degradation of solar concentrators or solar concentrators surface _,_;"

materlals. Current Air Force and NASA programs are underway to obtain .

this information. However, it may be two years or more before complete ::_.....

data is available. Hirror surface degradation has been calculated, ' '?:

including all known de'terioratlng effects such as high vacuum, micro, ,_ _;-

meteorltess high and low energy partlcles, and electro-magnetlc ' :

radiation from the gamma ray to infra-red wavelengths. These analyses, i i_:ii ,i; 'i

even using the most pessimistic assumptions, do not indicate a degrada- :i , ......
tion rate exceeding 2 to 3 percent per year. :,t: _r " .: "_ _ *

9. There are no specific design unknowns in our mirror concepts
which depend on space test results. Space testing would constitute a !

final verification of mirror feaslbility. On the basis of theoretical _,, ":_:'
analyses and ground tests, we have no reason to suspect serious

degradation in space. Nevertheless, we belleve strongly that space

tests should be run at: a_ early date to establish with certaintyzthat
solar concentrators are practical.
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AeroJet-General C_rpo,ration
14 October 1963

Page 3

q

We hope the above Informatlon will be of'value to you in your solar
[propulsion system studies. _

S_ncerely yours,

ELECTRO-OPTICAL SYSTEMS, INC.

Chief Ensineer , Optics Divlslon

DHM:mr

Enclosure

!

6
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i _, _,....... _ _ LANGLEY RESEARCH CENTER
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Mr. H. Htunpal_ Section Hea_

Advanced Power Systems Projects
SNAP-8 Divislon

AeroJet-General Co_por_tlon

A Subsidiary of the General Tire

and Rubber Compan_
Azusa, Calif.

Reference:
(a) Heath, At_wot R., Jr. : Status of Solsr Energy Collector

Technology. Presented at A_S Space Power Systems

onference_ September 25-281 19623 Santa Monica s Calif.
3 -62)

(b) Heath, Atwood R., Jr., and Maxwell, Preston T. : Solar

Collector Development. Astronautics and Aerospace
Emgineerims, Vol. Is N6. 4, _y 1963, pp. 58-61

Dear Mr. Humpal:

I After study of your letter of inquiry of September 9, 1963, to the

attention of Mr. Wi].lia_ D. No_lin of this Center, a discussion was held

I with you by him by telephone on October 3_ 1963_ from which it was• determined that you are in%erested only in so_r energy collectors having
a capa_illty of producing a temperature of _,0000 R, or greater, and a
concentration ratio of i0_000 or more. You were advised that the erectable

I we are studying do not, fall in this class, whereupon
solar ener_ _olle_tors

you requested that we suppl_ you with Keneral imformstion concerning our

I collectors and replies only to questions 7_ 8_ and 9 of your letter of
I inquiry. This information is herewith furnished.

I! i "'-LE_""rimen'tal evaluati°n °f umbrella'type erectable membrane'rib and_A_.r_oAe memor_ne parabololdal solar energy concentrators is being
c_rrxe_ on by the Space Vehicle Br_nch (Applied Materials and Physics

Division) at the Langley Research Center. The. original work on _mbrell_-

I _i _,_ -#_. =,.r=cl_.m.= _.#_z_OOAO:LCtalSolar conmentrators for Generation
or _pacecra_ Aux_llary power," by William D. Nowlln and Harold E. Benson
and further inform_tlon on continued research will be avail_ble in the

I future as an RASA Technical Note entitled "Investigation of the Calorimetric

I

.I
!
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NASA-Lar_Iey to AeroJet-

General CorpOration

-2- October 21, 1963

Experimental testing on inflatable membrane concentrators employs the

method of evacuating the sp_ce behind a membrane to giv_ the effect of

pressurizing between a clear front surface an_ the reflector surface.
Preliminary tests show considerable improvement of concentration efficiency

over the umbrella-type concentrator, but a method for inflating and

rigidizing the membrane concentrator in space must be developed.

Reply to _uestion 7.- The solar energy collector research by the Space
Vehicle Branch _of the I_ngley Research Center consists of collectors which

can be col_pactly folded for transport into orbit and erected to a usable

shape. They are characterized by being constructed of a plastic film having

a reflective surface consisting of vapor deposited metal. As you are

probably aware, methods of completely simulating the space environment

within laboratory on the ground have as yet not been developed for several

reasons, among which are: lack of complete knowledge of the space environ-

ment and its temporal changes, and inability as _t of simultaneously

producing all of the several space environments in the laboratory. Conse-

quently, our most reliable infors_tion on the ability of such vapor deposited
metal surfaces on pl_stic film to withstand the space environment is derived

from the Echo I passive communications research satellite which .was placed
into orbit August 12, 1960, and which was constructed of i/2-mil thick M_la_

plastic film and coated on its outside with vapor deposited aluminum to a !
thickness of approximately 2,200 angstrom -units. From observation of the

average optical brightness of this satellite up to the present time, which

is over 3 years in orbit, we have not been able to discern any degradation
in the reflectivity of its surface to solar radiation within the visible

spectrum. This is the most reliable information on the degradation of the

optical properties of vapor deposited metal coatings under the complex space

envlronmel_t that we know of. It a_ears _to indica_te that even a _por

deposited aluminum coating of only _,200 angstroms thickness, when deposite_

on a plastic film, suffers little or no deterioration due to sputtering,
erosion by cosmic dust, vacuum or other space environments. In regard to

the Mylar plastic that supports the vapor deposited aluminum surface,

laborato_j tests suggest that it is subject to deterioration of its mechanical

strength properties by ultraviolet and gamma radiation, and that the

2,200-angstrom vapor deposited aluminum coating used on Echo I is of barely

sufficient thickness to protect the underlying Mylar from the ultraviolet

radiation. Of course, this coating could not protect the Mylar from other

kinds of highly penetrating ionizing radiation. Recent research at Langley

suggests that plastic films composed of poljm_rs having special molecular

stractures m_y be very highl_ resistant to all of the space environments.

One such promising plastic film is H film. If further investigation proves •
this to be true, then it appears that a vapor deposite_ alumimm coating on

such resistant film will provide erectable solar energy collectors that will

withstand the cc=plex space environment with very little deterioration in

both optical an_ mechanical properties for a great length of time, possibl_

or i0 _rs. Some L_o_m_tlon _el_tin_ to thls research is given b_

18
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R%gA-La_ley to AeroJet-

General Corporatd.on
,im _ .qll, October 21, 1963

Dr. George F. Pezdirtz of the Langley Research Center in his l_per "Composite
_ate_als in Erectable S1_ce Structures - Echo Satellites" presented at the

Eishteenth A_ Technical and M_r_R_.ment Con_'cronoo ,l_O_,f,,_dby -Lh. _I,._:_5_
of the P]astlcs Industry, Inc., Chicago, Ill., February _ 7, 1983.

Reply to question 8,- As indicated in the above reply to question 7, we
are c_ntly of the opinion that,for vapor deposited aluminum on plastic

film mirrors, there is little or no deterloration of the vapor deposite_
aluminum but that the _lastic film may suffer deterioration. Accordln_ly, we
have not undertaken analytical type studies of the vapor deposited aluminum

but have concentrated our efforts on the plastic films. However, we think

that the reason why the vapor _eposited aluminum apparently withstands the

space environment is that it does not experience any rapid erosion by

sputterir_, cosmic dust impacts or other causes as evidenced by the fact
that if _t did the exceedingly thin 2p200-angstrom-thick coating on the

Echo I satellite would long ago have eroded away. As already indicated,

such erosion, if it had taken pl_ee, would drastically change the optical

brightness of the satellite and would have destro_d its ability to reflect

radio signals, neither of which have happened. As already indicated in the

above re_ly to question 7_ we are currently attempting to correlate the

ability of plastic films to withstand the space environment with this
molecular structure and some success in this direction has been achieved

whlch gi_es promise that films capable of withstanding the space environment
almost Jrdefinitely are obtainable.

Rep]_ to question 9-- As already indicated in the above replies to
questions 7 an_d'_, We believe that we already have at hand at least the bare

minimum cf space test results necessary for us to proceed at this time. We

are endeavoring to carry out the philosophy of finding materials which are

so resls_ant to the s_ace environment that the useful lifet_m_ in space of

the erectable solar energy collectors of the type _ are investigating will

be so lozg, that is many years, that the lifetime of a solar power system
employing them will be fixed by other components of the system rather than

by the solar energy collector. _e success we are achieving toward this
goal lea_s us to believe that it is obtainable. There is, however, one

ma_or de_lopment which we must achieve to obtain our goal, but this

development, as we presently un_erstan_ it, does not require a test in

space. _his development is a method of rigidizing our pneumatically

erectable solar energy collector after it has been erected in space. We

are currently studying a number of ways of accomplishing this. These

studies eppear to be capable of being carried out with laboratory api_ratus
on the ground.

You also sent a letter of inquiry under date of September 9, 1963, to

the attention of Mr. Atwood R. Heath of this Research Center at the same

time you sent one for the attention of Mr. Nowlin. Mr. Heath's comments

which may also be of interes_ to you are as follows:

19
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NA,_-Lsn_ley to AeroJet-

General Corporation
-4-

October 21, 1963

The present state of development of solar concentrators in

genera, as to speclfie weight_ efficiency, and area concentration

r_tio Is given in references (a) an_ (b). AeroJet.General is
probably aware of these references which contain information that

m_y be considered as current with only minor exceptions. In addition

I to the reported collectors, stretch-formed almnlnum one-piece
concentrators have been built for the Langley Research Center by
Thcmpson-Bamo-Wooldridge, Inc. These concentrators are in the

i process of evaluatlon, so no data on their performance have beenreleased. The specific _ight of these concentrators is

approxlmtely 0.57 lhs/ft _. The only inhouse concentrator development
in the Structures Research Division is being carried out on a

I whirling membrane concentrator which has had only preliminary tests.
These tests indicate that the concentration ratios (as define_ in
reference (a)) obtainable will be well below the theoretical.

I An a_lysis of mirror surface degradation in a space environment

is being carried outp in conjunction with a preliminary design of a

I Slm_e flight experiment to measure mirror surface degradation, byElectro-Optical Systems, Inc. This work is being bone under
Contract R_SI-2880 an_ should _e complete in the next month or so.

Yours very truly,

Floyd L. Thompson
Director

2O
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AIRESEARCH MANUFACTURING COMPANY
A DIVISION OF' THE GARRETT CORPORATION

SKY HARBOR+AIRPORT ° 402 SOUTH 361'H STREET ° PHOENIX 34. ARIZONA

TE:LEPHONE BR 5-6311

3 October 1963

In reply refer to z

PSWLB-10291-1003

I

|

I

I

I

Aeroj et-General Corporation

Azusa, California

Attentionz Mr. H. Humpal, Section Head

Advanced Power Systems Projects

SNAP 8 Division

Gentlement

In reply to your letter of 6 September 1963 to our Mr. John

McDonald regarding Garrett Corporation current activity in fab-

rication of solar collectors, we wish to advise that we made the

decision some years past, as power generation system manufacturers,

that _e would purchase all solar collectors from the optic

specialists. We would suggest if you have not already done so

that you connact the following people=

I
I

I

Mr. Jack Stevens

Electro Optical Systems

125 North"Vinedo

_dena, California

Mr. Harvey Atkins

Goodyear Aerospace Corporation

Akron, Ohio

I Mr. Ed Taylor
TAPCO Division

Thompson Ramo Wooldridge

I Cleveland, Ohio

• " Mr. Don Monson

I Allison Division

General Motors Corporation

I Indianapolis, Indiana

BYSTKMg AND COMF_I_hlENT_ FAll. AIHGR&i_I_. MIS|IL|. IIPACECIqAFT. EL.ECTRaNI¢;. NUCL£AR AND INDUKTAIAL IIt.IIpL.II_&¥1ON8
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Aeroj et-General Corporation

Azusa, California
PSWLB-10291-1003

Page.°.o°ooo°oo2

It is our belief that these four companies currently lead the

industry in the various types of solar colleators for space
power systems.

We would also suggest that you contact Mr. George Thompson, APIP-I_

Air Force Aero Propulsion Laboratory, Wright-Patterson Air Force

Base, Ohio, and Mr. Robert'Cummlngs, Chief of APGO, NASA, Lewis

Researuh Center, Cleveland, Ohio, for further information.

We hope the above information will be of some value in your survey
and we would appreciate receiving a copy of your report as this

survey would be of prime interest to our space power systems

people as well as our solar heated hydrogen propulsion systems
groupo

Very truly yours,

WLB zcr

Manager

Advanaed Power Systems Sales

22
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I STANFORD RESEARCH INSTITUTE

MINLO PARK. CALIFORNIA

I ' . September 17, 1963 "

|
I ' : ' ' 4

Mr. H. Humpal, Section Head

I Advanced Power Systems Projects
SNAP-8 Division
AeroJet-General Corporation

I Azusa, California '

Dear Mr. Humpal:

I I am enclosing reprints of the papers published under

• contracts AF 19(604)-3477 and AF 19(604)-7302. You will note

that this work dealt only with various photochemical studies

I point Of the solar furnace. The amount of light
at the focal

collected by our two-foot diameter solar furnace was 49 watts.

The fraction absorbed by the conversion system was 18.6 watts,

I and an average of 1.7_ of the absorbed energy was stored in the
form of photochemical reaction products. We have not engaged

I in the development of solar furnaces for space use and are there-
fore ,_uahle to c_n_hute =_-_; a v tn v_,,_ _..-.--.-_.-........... o ..... C ntl# -v _ ....... _a.

I will be happy to supply any further information on the

behavior of photochemical conversion systems in strongly

I focussed / i _ '_,light.

s k" '#r .: "' .: 'Ru_dolh___'_Sincerelyyours,
I p J, Marcus

!

I RJM:ca

!
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_-____ThomlmonRmnoWooldridgeInc.

GENERAL OFFICES • 23555 EUCLID AVENUE • CLEVELAND 17, OHIO

January lO, 1964

AeroJet General Corporation.
Azusa Plant

Azusa, California

Attention:
t

Gentlemen:

Mr. H. H. Humpal

This letter is in response to your request for information regarding

solar concentrator state-of-art at TRW. Your questionaire on concen-

trators for a solar heated hydrogen propulsion system has been ans-
wered and is Attachment A. Questions7 and 8 cannot be answered pre-

cisely because of space condition unknowns. And question 9 is timely
since +_here are those in the aerospace industry that rate the use of

._

solar energy in space applications low. This conclusion seems to be •

prompted by l) lack of knowledge of space conditions and 2) analyses

using pessimistic conditions. The need for space data is very critical
then.

TRW has been developing solar concentrators since 1959 and have recently

completed the 32.2 diameter S_flower development program- In addition,

contracts have been performed or are now in progress on l) a combln4d

collector radiator for an Air Force binary Rankine program# 2) develop-

ment of a 60 inch aluminum concentrator for high temperature applications

for NASA and 3) a study of 20 to 30 foot diameter single piece aluminum

concentrators for the NASA Brayton cycle. Aluminum has been selected

in all TRW designs because it results in the lowest specific weight aud

has non-magnetic properties.

Very truly yours,

TRW ELECTROMECHANICAL DMSION

" CHC :pk
7

Attachment A

Charles H. Castle

New Product Research

":' : .
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Attachment A

SOLAR CONCENTRATORS FOR SOLAR HEATED

HYDROGEN PROPULSION SYSTEMS

. Question: What is the specific weight* of the concentrator now being

produced by your company or subcontract? What is the anticipated

reduction in weight by 1970, and is there a foreseeable size limit?

Answer: Five foot diameter aluminum concentrators have been fabricated

which weigh 0.56 to 0.59 pounds per sq.ft. (intercepted solar flux).

For load conditions less than 150 g's, the weight can be reduced to 0.35

pound/sq.ft, and the limit is in the thickness of materials being fab-

ricated. The above specific weights include the concentrator paraboloidal

shell, the reinforcing ring at the outside diameter and mounting provisions.

larger diameter concentrators will have a higher specific weight, of about

0.6 pound/sq, ft.

2. Question: _at concentration ratio** is now attainable with your design

concept and what improvement can be expected by 1970?

Answer: The five foot units have been solar tested and 62_ of intercepted

solar flux was passed through a 1/2 inch aperture. This results in an

area concentration ratio o_' 14,400 or a Ylux concentration ratio (average

focal plane flux over solar flux) of 9,000; (0.62 x 14,400). It is expected

that flux concentration ratios of 12,000 will be obtained (0.85 x 14,400)***

by 1970. For a perfect concentrator the maximum is 13,000 (0.9 x 14,400).***

3. Question: What is the physical strength characteristics of your concentrator?
c_^_ _._ __ _" will ,_::_ _n _ __c±±_a±_s, ._iuw g-loads affect _ mirror __._.J_r_

Answer: The five foot concentrators were designed to withstand 150 g's

without permanent distortion.

4. Question: What weight of deployment or unfurling equipment will be required

for the 1970 mirror designs?

Answer: Deployment mechanism weights cannot be precisely stated because this

is entirely a function of the payload and stowage configurations which are

not defined at this time. One case may allow no deployment or only simple

pivoting about one mount point whereas another design will require a deploy-

ment network of 4 bar linkages, or the like, where many modules must be

deployed. The weight based on no deployment to that where many modules are

deployed can thus vary between 0 to 0.2 pounds/sq, ft. intercepted flux.

* Specific weight : ib of concentrator per square foot of projected area,
unless otherwise defined.

** Concentration ratio = the ratio of the max. flux in the sol r spot to the

solar constant, unless otherwise defined.

*** For 1/2 inch diameter aperture

24a
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Question: Since each construction method has a specific influence on

concentrator performance, identify your methods and those items which

have direct influence on the performance of your concentratoro

Answer: The aluminum concentrators have a surface improvement coating

to achieve mirror-like finishes. Also, the single piece construction

is made of sectors fastened together. The surface finish quality control

and radial joint design are important therefore. The degree of performance

reduction is not known but can be minimized to negligible values with

fabrication refinements.

Question: What are the preferred points for attachment of the mirror to

a structure and where is it best to attach the support structure for the

support of a solar absorber?

Answer: The single piece concentrators are most efficiently supported by

a reinforcing ring at the OD. This ring transfers shell inertia loads to

the mount points. The weight of the ring can be reduced as the number of

support points are increased. However, the present five foot units have

been designed for three point mounting. Much can be done in optimizing

concentrator and support weight when a given application is known.

Question: How does solar radiation affect the design life of the system

now being developed and what anticipated improvements in radiation re-

sistance can be expected by 19707

Answer: There is inadequate space condition data for the materials used

to state precise values.

Question: Have you attempted an analytical evaluation of mirror surface

deterioration in a space environment? If so, what deteriorating effects

have you been able to account for?

Answer: Analytical evaluations have been made by TRW and others, and

deterioration figures are a function of space conditions. Degradation from

practically zero to I00_0 in one year can be computed. However, the results

of Vanguard, Echo, Tiros and other space experiments indicate qualitively

that the lower figures are more likely.

Question: Are there any specific design unknowns that make the development

of your system dependent on space test results? If unknowns exist, what

are they?

Answer: The space conditions unknown is the largest design barrier and only

space experiments will resolve it. At the moment, micrometeoroid damage

seems to be the area of concern.
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SPACE DIVISION

SPACECRAFT

DEPARTMENT

January 14, 1964

Dear Mr. Humpal:

The General Electric Company has been interested in accurate parabolic " "

solar concentrators for solar heated power and propulsion systems since ap-

proximately 1958. The initial fabrication of our first large scale collector

was required by A.F. contract (STEPS cont. #AF336167008) in which a prototype
thermlonic power system utilizing a 16 ft. foldable parabolic collector was

developed. At that time after a detailed study of the manufacturing technology i

it was determined that the most serious problem in making large collectors was

that of tooling. Studies were undertaken to compare manufacturing techniques. '
Whatever mirror end item forming technique was used, the accuracy of the product
was purely a function of the initial accuracy of _h_ rnn14,= 61+h ....h ..........

losses would be realized by the fabrication of the concentrator from the tooling+

under no circumstance would the concentrator be better than the tooling. For

the purposes of the first collector program stretch formed aluminum over a para- _
bollc mandrel was chosen. However, since the first generation of stretch formed

mirrors electroforming has been chosen as the method of replication of the tool- : /

ing. Stress-free electroforming will give exact replication without the spring
back associated with stretchforming.

G.E. after evaluating all tooling techniques chose spincasting of plastic _

I resins into parabolic shapes. Any liquid regardless of viscosity that is rotated
about some axis will form a true paraboloid about that axis as a function of two _

independents, rotational velocity and the earth's gravity at the point of rotation

I The advantage of splncastlng is that the initial paraboloid formed is theoretic- _
ally perfect_ whereas in the maehing process the cutting, hewing, and grinding

only approach parabolic shapes. At present G.E.- developed plastic technology . :

i and engineering has been able to develop plastics that will keep their finish(to ie_s _h_n % _aia) &_ deBt, in sp_ne_ ._h_n_ry which _IZl j_Ve eZOp_
errors of less than I% minutes of arc over 98% of the tooling area. With the

present engineering stateZof-art provided requirements exist for improved accuracy, •

_t is po_slble to reduce the I% minutes of arc slope error to approximately one
_inute_

,¢.-.-...
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It should again be pointed out that the tooling produced by the splncasting

process is adaptable to any end item mirror fabrication technique such as

electroforming (NI, AL) stretch forming, explosive, vapor, etc.

The first large scale solar concentrator produced from aforementioned spin-

casting techniques had an average slope error of 16 minutes. It was foldable

to a 9 ft. package and weighed approximately I lb. per sq. ft. The first large

scale electroformed mirror which was produced under JPL contract #950239 was

9' in diameter, had slope error of 6 minutes, and a weight of 5 ibs. per sq.ft.

It should be pointed out that under the JPL contract weight was not a considera-

tion and that under future extensions of this contract flight weight full scale

mirrors will be developed.

At present G.E. has a NASA contract #NASI-3309 to electroform aluminum

experimental mirrors. It is expected that electroformed aluminum mirrors will

achieve weights of less than _ lb. per sq. ft. with replication characteristics

better than that of nickel. At the present time nickel mirrors can be made in

any size up to 33 ft. with an average slope error of 6 minutes or this is to say

that 98% of the mirror has a slope error of less than 6 minutes. Stretch formed

mirrors can also be made in any size up to 33 ft. with characteristics similar to

that reported in report #ASD-TDR-62-94 (Flight Accessories Laboratory Aeronautical

Systems Division Air Force Systems Command, Wright-PattersonAF Base, Ohio).

The only limitation to size is the swing radius of the present rotating

machinery (35'). There are no engineering or theoretical reasons why spincascirg

machinery could not produce much larger parabolic tooling of high accuracy with

a surface finish of I to ½ rms.

G.E. as part of its overall capability has both static indoor optical test

facilities to test optically mirrors up to 33 ft. in diameter and a solar test

facility in Phoenix, Ari:zona which is the largest, most unique facility of its

kind. This facility consists of a conventional building which houses test equip-

men,, instrumentation and a meteorological station and a large moveable building

which houses the large sun-tracking collector mount capable of operating collect-

ors up to 33 ft. in diameter. This latter building is mounted on rails so that

it can be moved back and forth over the collector thus making is possible to

simulate the amount of time that the system would be in sun light and in shade

during a variety of space missions.

The Phoenix site was selected after an extensive investigation of such per-

tinent climatological information as solar intensity, number of clear operating

days, and wind velocities for the area. The data showed Phoenlx to be highly

desirable front the standpoint of all the factors. On a clear day, the solar in-

tensity is equal to or greater than 80 watts per sq. ft, for appreciable lengths

of time, and there are an average of 210 clear days per year. Climatological

data recorded at the test site over the past years confirmed the deslrability of
ehe A¢_o,
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The following answers are given relative to your specific questions:
t

What is the specific weight of the concentrator now being produced by

your company or subcontractor? What is the anticipated reduction in .

weight by 1970, and is there a foreseeable size limit?

Aluminum mirrors stretch formed have been manufactured with weights of

i lb. per sq. ft. with a slope error of 16 minutes. Nickel mirrors have

been manufactured with a weight of 5 ibs. per sq. ft. (total weight of

mirror and all support structures) reduction of nickel weights will be

a function of work that is presently being carried on although it is

anticipate that nickel weights will not prove as promising as •that of

electroformed aluminum. It is anticipated by 1970 that a 6 minute slope

error aluminum electroformed mirror can be achieved with a weight of

less than _ lb. per sq. ft. This is not to say that nickel cannot be

made with weights of less than 1 lb. per sq. ft.

What concentration ratio is now attainable with your design concept and what

improvement can be expected by 19707

Presently being evaluated.

What is the physical strength characteristics of your concentrator?

Specifically, how will g-loads effect the mirror contour?

Present mirror designs can withstand 6g boost levels without permanent

deformation. Higher loads can be sustained with a penalty for addition-
al weight.

What weight of deployment or unfurling equipment will be required for

1970 mirror designs?

G.E.'s present approach is for fixed mirror designs requir&ng no
deployment.

I .

I 6.

|i

I

. Since each construction method has a specific influence on concentrator

performance_ identify your methods and those items which have a direct

influence on the performance of your concentrator.

Spincast female master, electroform male master, electroform nickel or

aluminum mirror. There is no limit in performance inherent in method of

construction.

What are the preferred points for attachment of the mirror to a structure

and where is Itbest to attach the support structure for the support of

a solar absorber?
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I • Attachments should be either to the outer perimeter• of the concen-

trator or through the center section in'the shadow area of the deVice

i being heated (see report #ASD-TDR-62-94). The latter will, for largemirrors, be heavier.

i 7. How does solar radiation affect the design life of the system now being• developed and what anticipated improvements in radiation resistance can
beexpected by 19707

I Not part of any present program.

8. Have you attempted any analytical evaluation of mirror surface deter-

I - ioration in a space environment? If so, what deteriorating effectshave you been able to account for?

No.

I 9. • Are there any specific design unknowns that make the development of your

• system dependent on space test results? If unknowns exist, what are they7

I No.

" _o. _y,Nemnager , "

JJG:bat

|

!

I

!
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December 23, 1963

Aerojet General Corp.
Azusa

California

Art • nt ion = Mr. H. Humpal, Section Head

Advanced Power Systems Project
SNAP-8 Division

Dear Mr. Humpal:

In reference to your letters of 9 September and 17 December 1963,
we are pleased to submit the following information on solar collectors

built by the G. T. Schjeldahl Company and our projections for the state

of the art by 1970. The G. T. Schjeldahl Company has been concerned

primarily with Inflatable and resin rlgidized solar collector systems,

The state of the art in solar concentrators for space application

is in its infancy. Some flexlble rlgidizable solar collectors have

been designed and fabricated for ground testing! however, the erecting

and rlgidizing of these collectors in a space environment has not been

demonstrated. In addition very little work has been done on determin-

ing the exact efficiency of these collectors once rigldlzed.

Most of the work in this field has been sponsored by NASA Langley,

and U. S. Air Force at Wright Field. The G. T. Schjeldahl Company

has designed and built several collectors up to 10-foot diameter similar

to the one shown in the attached photograph. These collectors are

made of metallized Mylar and clear Mylar making use of a ictus to hold

the lens and reflector to the desired shape. In actual mpac_ application,

it is anticipated that the reflector portion of this device will be

rigidlzed by a resin or foam and the lens portion wili b_ CUt away

once the rlgldlzlng has been completed. Most plastics _ dark on

extended exposure to UV', therefore reducing the effi.ie_0y.0g the
collector. " -'_

Putting tomorrow's materials to work today
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The inflated solar collectors of this design have a specific

weight of .0036 _pounds per square foot projected area. The metalllzed

surface reflects approximately 94% of the total solar energy. The

efficiency of this collector, however, i8 dependent more _n the accuracy

of the parabolic surface. By extrapolation of this data the efficiency

of this collector has been estimated at approximately 60_, A system

for measuring more accurately these surface irregularities is being
set up and more data will be available in the near future.

The rlgld!zlng material on the collector portion of this device

would increase the weight per unit area of the collector to .2 pounds

per square foot. Many factors will influence the weight of this

rigidizing material, and therefore it is very difficult to predict

the weight per unit area. Such factors as solar pressure, micro-

meteorites, orientation forces, and reflector size play an important

part on the rigidlzing material to be used. In the case of the Echo XI

type satellite, the rigldized surface has a weight per square foot

projected area of .008 pounds per square foot. This satelli_e is designed

to be rigid enough to withstand a force equivalent to 50 times that of

solar pressure on a radius of curvature of 67.5 feet.

The projected efficiency of these rlgidizable solar concentrators

by 1970 is difficult to predict. Models using metallized Mylar in the

reflector surface and rigidizing with a jell-coat plus foam has yielded

efficiencies in excess of 80%. However, these reflectors or concentra-

tors are made on a mandrel and are foamed or rigidized in place. The

accuracy to which one can deploy and rigidize a collector of this type

has not been fully demonstrated at this point. The G. T. Schjeldahl

Company is presently under contract with NASA Langley for the develop-

ment of fabrication techniques for lenticular and parabolic shaped

antennas. It is expected that this study will yield a considerable

amount of information on fabrication accuracies and techniques for

measuring the accuracy of these devices. Our best estimate for the

efficiency of these concentrators by 1970 would be 80_ on a dish 60

feet in diameter. In this ease we are referring to a concentrator

which can be deployed in space and rigidized.

As pointed out earlier, the major problem is not the reflecting

surface. A vapor coating of aluminum or silver on a plastic substrate

produces a highly reflective surface. Rather, the problem is in

fabricating and rlgidlzing the collector surface to the desired

accuracy. By coating this reflective surface with S1203 the reflective
properties can be maintained for a long period time.
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Page 3

The inflated concentrator _I11 withstand Ig or more without

noticeable changes in the contour. The rigidized concentrator having

• a weight of .2 pounds per square foot will theoretlcally give the

required rigidity for a 60 foot dish subjected to a force of Ig. This

Is assuming that the concentrator is supported at its circumference.

The deployment or unfurling of these antennas will require an

inflation system composed of either a subllming liquid or solid, or

a llquified gas. Again the weight of the inflatlon system will

dependlargely on.the size of the antenna being deployed. A 60-foot

diameter dish would require an inflation system weighing approximately

42 pounds. By 1970 it mayr be possible to reduce the weight of the

inflation, system by as much as 40_.

Although most of our work has been conducted on collectors

supported by the torus or circumference of the concentrator. It is

anticipated that in a space application the concentrator would be

supported by the energy collector passing through the center of the

dish. Rigidizing supports on the back of the concentrator would be

used to carry the loads into the dish proper.

The G. T. Schjeldahl Company has conducted a number of studies

for NASA on the effect of space environment and ultra-vlolet on

plastics and reflectlve surfaces for communication satellites. Zt

has been our experience that most plastics change their properties

and discolor upon exposure to UV. In the case of some plastics

such as biaxlaily oziented polypropyiene, it is believed that this

discoloration is caused by impurities in the film. By the year 1970

it is possible that films without these impurities might be produced.

Also, the aluminized surfaces placed on these plastics have the

effect of protecting them from UV radiation. By further coating

with an SI203, these surfaces remain bright for extended periods of
time.

With respect to your final question on design unknowns which

require space test results, I would like to stress the fact that

these antennas have never been erected and rlgidized in space. We

expect to be placing Echo IZ in orbit within the next month and if

successful more information will be available on rlgidlzing techni-

' ques. The foams and plastic materials being used for this applica-

tion are being investigated in high vacuum chambers under simulated

solar exposure. However, it will be some time before we can definitely

say that this system can be _sed in space and for what length of time.

If the present programs continue on schedule, I would estimate that

by 1970 most of the unknowns will have been demonstrated through space

deploymeht of solar concentrators or similar erectable devices.

!
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Decekber 23, 1963
. Page

I hope this information will be of some help to you in your

report_ a_d if you should haveany further questions, please do not
hesitate to call.

Yours very truly,

G. T. SCH/E_ CUMPANY

Advanced Programs Coordinator

_RT/RJS/mc
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Report No. L0774-01-9

APPENDIX B

RELIABILITY TABLES

This appendix contains basic data that supports section IV-A-12

Reliability analysis of SHPS.
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Curtiss-Wright Corporation

Wright Aeronautical Division

Wood-ridge, New Jersey

Attn: G. Kelley

Douglas Aircraft Company, Inc.

Missile and Space Systems Division

3000 Ocean Park Boulevard

Santa Monica, California 90406

Attn: R. W. Hallet

Chief Engineer

Advanced Space Tech.

Fairchild Stratos Corporation

Aircraft Missiles Division

Hagerstown, Maryland

Attn: J. S. Kerr

General Dynamics/Astronautics

Library & Information Services (128-00)

P. O. Box 1128

San Diego, California 92112

A_tn: Frar_ Dore

General Electric Company

Missile and Space Vehicle Department

3198 Chestnut Street, Box 8555

Philadelphia l, Pennsylvania 19101

Attn: Dr. Joseph Danko

General Electric Company

One River Road

Schenectady, New York 12305

Attn: Dr. John Houston

Report No. L0774-01-9

Copies

1

1

1

Distribution 7

I



I
I
I

I
I

i

I
I

I
I
I

I
I

I
I
I

I

I

Distribution List (Continued)

General Electric Company

Flight Propulsion Lab Department

Cincinnati 15, Ohio

Attn: D. Suichu

Grumman Aircraft Engineering Corp.

Bethpage, Long Island, New York

Attn: Joseph Gavin

Kidde Aero-Space Division

Walter Kidde and Company, Inc.

675 Main Street

Belleville 9, New Jersey

Attn: R. J. Hanville

Director of Research Engineering

Lockheed California Company

10445 Glen Oaks Boulevard

Pacoima, California

Attn: G. D. Brewer

Lockheed Missiles and Space oump_j......

.°a_tn: Technical Information _=no_r__^

P. O. Box 504

Sunnyvale, California

Attn: Y. C. Lee

Power Systems R&D

Lockheed Propulsion Company

P. O. Box iii

Redlands, California

Attn: H. L. Thackwell

The Marquardt Corporation

16555 Saticoy Street

Box 2013 - South Annex

Van Nuys, California 91409

Attn: Warren P. Boardman, Jr.
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Distribution List (Continued)

Martin Division

Martin Marietta Corporation

Baltimore 3, Maryland

Attn: John Calathes (3214)

Martin Denver Division

Martin Marietta Corporation

Denver, Colorado 80201

Attn: J. D. Goodlette

Mail A-24!

McDonnell Aircraft Corporation

P. O. Box 6101

Lambert Field, Missouri

Attn: R. A. Herzmark

North American Aviation, Inc.

Space & Information Systems Division

Downey, California

Attn: H. Storms

Northrop Corporation

i001 East Broadway

Hawthorne, California

Attn: W. E. Gasich

Pratt &Whitney Aircraft Corp.

Florida Research and Development Center

P. O. Box 2691

West Palm Beach, Florida 33402

Attn: R. J. Coar

Radio Corporation of America

Astro-Electronics Division

Defense Electronic Products

Princeton, New Jersey

Attn: S. Fairweather
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Distribution List (Continued)

Reaction Motors Division

Thioko! Chemical Corporation

Denville, New Jersey 07832

Attn: Arthur Sherman

Republic Aviation Corporation

Farmingdale, Long Island, New York

Attn: Dr. William O'Donnell

Rocketdyne (Library Dept. 586-306)

Division of North American Aviation

6633 Canoga Avenue

Canoga Park, California 9130h

Attn: E. B. Monteath

Space General Corporation

9200 Flair Avenue

E1 Monte, California

Attn: C. E. Roth

Space Technology Laboratories

Subsidiary of Thompson-Ramo-Wooldridge

P. O. Box 95001

Los Angeles 45, California

Attn: G. W. Elverum

Stanford Research Institute

333 Ravenswood Avenue

Menlo Park, California 94025

Attn: Thor Smith

TAPCO Division

Thompson-Ramo-Wooldridge, Inc.

23555 Euclid Avenue

Cleveland 17, Ohio

Attn: William Leovic
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Thiokol Chemical Corporation

Redstone Division

Huntsville, Alabama

Attn: John Goodloe

United Aircraft Corporation
Research Laboratories

400 Main Street

East Hartford 8, Connecticut 06108

Attn: Erle Martin

United Technology Center

587 Methilda Avenue

P. 0. Box 358

Sunnyvale, California

Attn: B. Abelman

Vought Astronautics

Box 5907

Dallas 22, Texas

Attn: Warren C. Trent

Electro-Optical Systems, Inc.

125 North Vinedo Avenue

Pasadena, California

Attn: Dr. A. O. Jensen

Research Laboratory

General Motors Technical Center

Warren, Michigan

Attn: Dr. Donald L. Dresser

Allison Division

General Motors Corporation

Indianapolis 6, Indiana

Attn: Dr. R. F. Henderson

Goodyear Aircraft Corporation

1210 Massillon Road

Akron, Ohio 24315

Attn: T. J. McCusker
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